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Preface 


The scope of a book with so general a title as lightning protection re- 
quires some clarification. To begin with the negative aspect, the protec- 
tion of electrical supply systems and telephone lines is excluded from 
consideration. Several text books are available on the former subject and 
an authoritative statement on the latter is being prepared by the Comite 
Consultatif International Télégraphique et Télephonique (CCITT). 

While the protection of electrical supply and telephone lines is of inter- 
est to specialized engineers only, the protection of buildings is not only 
the concern of architects, building operators and structural engineers but 
also of the interested layman and it is to all these groups that this book is 
addressed. To cover the subject adequately, the term building is not 
confined to dwellings, offices and factories but includes monuments, 
telecommunication towers and a miscellany of structures for public and 
private usage. Explosives factories, mining and tunnelling operations, 
aircraft and boats are also considered. 

In the last resort, protection against lightning is not restricted to the 
preservation of the fabric of a building but should be concerned with 
safeguarding human life. Insufficient attention seems to have been paid to 
this subject and I have found myself confronted with the need to clarify 
my own mind on the medical problems involved. It is hoped that my 
endeavours in this direction have enabled me to make this intriguing 
problem reasonably clear to the interested layman by whom death or 
injury by lightning is regarded as an act of God. 

A genius like Benjamin Franklin could establish the nature of lightning 
and develop the principle of lightning protection in the course of some 6 
or 7 years and then dismiss the entire subject from his mind. A lesser man 
has to spend a considerable part of his professional life on studying the 
mechanism of the lightning discharge before applying this knowledge to 
the protection against its effects. I recall with some nostalgia struggling, 
while bombs were falling on London during World War II, with the 
physics of lightning, guided by my colleague Dr. C. E. R. Bruce. Later, I 
was greatly privileged in being able to discuss these problems with such 
outstanding men as Sir George Simpson, Sir Basil Schonland and Profes- 
sor David Malan in Britain and South Africa, Drs. K. B. McEachron and 
C. F. Wagner in the USA and my honoured friend, Professor Karl Berger 
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of Switzerland. In more recent years it was my good fortune to continue 
these discussions with the younger generation of research workers in 
different parts of the world. 

Two subjects are covered in this book on which I can claim little 
personal experience. The first is the effect of lightning on trees. For valu- 
able information on this subject I am greatly indebted to Mr. Alan R. 
Taylor of the US Forest Service, Missoula, Montana, who supplied me 
with several unpublished reports and who looked critically through Sec- 
tion 10.6. Mr. Taylor was also most helpful in clarifying the information 
on which Fig. 96 is based. 

As already indicated, the second subject concerns the effect of electric 
currents on the human body. Here it is my particular pleasure to thank 
my son-in-law, Dr. Max Sussman of the Welsh National School of Medi- 
cine of the University of Wales, for collecting a large amount of literature, 
for explaining patiently many medical concepts, for the original of Fig. 87 
and for providing critical comments on Section 12.1. Professor Theodore 
Bernstein of the University of Wisconsin also provided selected literature 
and supplied valuable information on lightning casualties in the USA; I 
also benefitted from listening on two occasions to his exposition of this 
subject. My deepest gratitude is due to Professor W. R. Lee of the Univer- 
sity of Manchester whose detailed comments induced me to re-write a 
large part of Section 12.1 and to whose wide knowledge the final form of 
this difficult section is largely due. 

I am greatly indebted to the British Red Cross Society and Miss B. 
Wade for permission to describe in detail the recommended method for 
resuscitation of lightning casualties and for permission to reproduce Figs. 
97 and 98. If this presentation assists in saving a single human life the 
entire book is justified. 

Sincere thanks are due to the chairmen and secretaries of the National 
committees on lightning protection listed in the Appendix, who placed 
their Codes at my disposal. In particular, mention must be made of Mr. 
van Alphen, Pretoria, who provided the latest unpublished draft of the 
South African Code and permitted reproduction of Figs. 37 and 54; 
Professor H. Baatz, Stuttgart, and the VDE Verlag, Berlin, for permission 
to reproduce Figs. 34 and 53 as well as Table 10 from the German Code 
‘Blitzschutz’; Mr. J. M. Clayton, Pittsburgh, who clarified the status of 
several American documents; Professor T. Horvath, Budapest, who 
kindly arranged for a translation of the Hungarian Code by Mr. Hosserek 
of Vienna, and who supplied Fig. 22; Professor S. A. Prentice, Brisbane, 
who obtained permission for the use of Table 5 from the Australian Code 
and who supplied the original information on which Fig. 94 is based; 
Professor E. K. Saraoja, Helsinki, who sent me a partial translation of the 
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Finnish Code; and, last not least, British Standards Institution for per- 
mission to use Figs. 31, 41, 46, 55 and Table 4. 

A reader of this book may be surprised at the large number of illustra- 
tions copied from other sources. The reason for their inclusion is twofold. 
In the first place credit should be given where it is due and, secondly, 
many illustrations are taken from sources which are not easily accessible, 
sometimes even to the expert. Appreciation is therefore expressed to the 
following organizations or persons for permission to reproduce 
illustrations. 

Mr. Vesantera of Helsinki for Plate 3; Professor S. Marinatos, Athens, 
for Plates 5 and 6; the Surveyor of the University of Oxford and Mr. 
Thomas for Plate 7; The World Meteorological Organization, Geneva, 
for Fig. 1; the US Department of Commerce for Fig. 2; the Edison 
Electric Institute, for Fig. 11; General Electric Review for Fig. 15; the 
Polish Institute of Electrical Engineers for Figs. 20 and 80; the Elek- 
trotechnische Zeitschrift for Fig. 21; Schweizer Elektrotechnischer Verein 
for Fig. 24; Institute of Electrical and Electronics Engineers for Figs. 25, 
48 and 81; Society of Automotive Engineers, Inc. for Figs. 26, 64 and 76; 
Endeavour and Dr. R. D. Hill for Fig. 27; the late Professor D. Muller- 
Hillebrand for Fig. 29; Messrs Dehn und Sohne, Nuremburg, for Figs. 38 
and 93; Springer Verlag for Fig. 44; Bell Laboratories for Figs. 45 and 47; 
Das Gas und Wasserfach for Fig. 49; Independent Broadcasting Author- 
ity and Mr. J. A. Thomas for Fig. 59; Erdol und Kohle-Erdgas- 
Petrochemie for Fig. 69; the South African Institute of Electrical 
Engineers for Fig. 72; Imperial Chemical Industries for Fig. 73; Mr. C. L. 
Perry and the Civil Aviation Authority for Fig. 74; BOAC for Fig. 75; 
CIGRE for Fig. 77; Electrical Times for Fig. 79; Encyclopaedia Britannica 
for Fig. 86; Elektrotechnik und Maschinenbau for Fig. 88; and Professor 
T. Kawamura, Tokyo, for the comprehensive report of the tragic light- 
ning incident illustrated in Fig. 92. 

It is a pleasure to express my gratitude to the Electrical Research 
Association for the opportunity to develop many of the ideas expressed in 
this book while still a member of their staff. I also wish to express my 
thanks to my colleagues on the code-drafting committee of BSI whose 
corporate experience contributed notably to the 1965 edition of the 
British Code of Practice. 

Sincere thanks must be acknowledged to my wife who typed and 
retyped the manuscript. Last not least, I wish to express my sincere 
thanks to Mr. L. C. Selwood of my publishers who was at all times 
prepared to listen to my questions and suggestions. 

This is the first book on lightning protection of structures and persons 
in the English language. Undoubtedly it will contain shortcomings. I shall 
be grateful to any reader who will be good enough to point these out. 
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1 Historical Survey 


‘It has pleased God in his Goodness to Mankind, at length to discover to 
them the Means of securing their Habitations and other Buildings from 
Mischief by Thunder and Lightning.’ With these words Benjamin Frank- 
lin introduced in 1753 the first description of the lightning rod. His ideas 
had been evolved from a careful comparison of various manifestations of 
the natural lightning discharge and the electric spark and from an ingen- 
ious application of the primitive methods of experimentation then 
available. 

The lightning rod spread rapidly through the United States and 
Europe and, for the next century and a quarter, hundreds of papers and 
books were published without, however, achieving any substantial 
progress either in the understanding or the practical execution of light- 
ning protection. A notable advance was achieved in 1881 when the ‘Light- 
ning Rod Conference’ (Symons, 1882) met in London whose authoritative 
recommendations were published in the following year and, in revised 
form, in 1905S. 

Real progress had to await a better knowledge of the lightning 
discharge itself. This was made possible primarily through the technical 
development by Sir Charles Vernon Boys of the rotating camera and by 
Dufour of the high-speed cathode-ray oscillograph. The Boys’ camera 
enabled Sir Basil Schonland to determine the temporal development of 
the discharge mechanism while oscillographic recording, particularly by 
Professor Karl Berger in Switzerland, produced vital information on the 
wave shape of the lightning current. 

Progress in a technical field can, in some respect, be assessed by the 
issue of national and, later, international specifications or Codes of Prac- 
tice. The first German recommendations on the lightning protection of 
buildings were published in 1924, followed in 1929 by the first American 
Handbook. The first British Code of Practice was issued in 1943 and a 
greatly revised edition appeared in 1965. This latest edition served as a 
basis for several recent Codes issued in Australia, India, Rhodesia and 
South Africa. On the continent of Europe many national recommenda- 
tions have been published in recent years. 
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These various documents differ not only in extent and scope but also, 
to a certain degree, in specific recommendations and no attempt has been 
made, so far, at obtaining international agreement. This book reviews 
modern concepts of lightning protection. 
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2.1 Global distribution of thunderstorms 


In accordance with international convention, thunderstorm activity is 
being recorded by Meteorological Offices throughout the world on the 
basis of days ‘with thunder heard’. For anyone who has to reach a deci- 
sion on whether or not to protect a building against lightning this is a 
poor guide. In a temperate region, a wide frontal thunderstorm may pass 
a given district within a few minutes or it may remain stationary for 
several hours. In tropical areas, thunder emanating from a stationary 
cloud covering no more than a few square kilometres of country may be 
heard over 1500 square kilometres, thus giving a grossly exaggerated 
record of thunderstorm activity. 

A reliable assessment of the need for lightning protection requires 
knowledge of the frequency of lightning flashes to earth. Numerical infor- 
mation available on this value will be seen to be inadequate (Section 3.4). 
Until more reliable information has been accumulated, the best possible 
use must, in these circumstances, be made of data from Meteorological 
Offices. 

Fig. 1 shows the global distribution of thunderstorms as prepared by 
the World Meteorological Organization (1956). The lines which connect 
places having the same number of thunderstorm days are called isoker- 
aunic lines and the average annual number of thunderstorm days at a 
given place is called isokeraunic level. 

As can be seen from Fig. 1, the number of thunderstorm days is highest 
about the equatorial belt and decreases towards the poles and it is higher 
over land masses than over oceans (Sparrow and Ney, 1971). Local thun- 
derstorm activity can vary considerably from year to year but attempts to 
detect a periodicity have so far been unsuccessful. Long-time statistics are 
therefore required to establish reliable information on thunderstorm acti- 
vity at any particular place. Seasonal and diurnal variations are pro- 
nounced but these are of no importance for the lightning protection of 
structures although they may have to be considered in special circum- 
stances, such as the handling of explosive mixtures or underground blast- 
ing operations. 

Detailed thunderstorm maps are available for many countries and 
these are usually prepared by Meteorological Offices or sometimes by 
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0° Equator 


Fig. 1 Annual frequency of thunderstorm days (World Meteorological 
Organization, 1956) 
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organizations responsible for aviation or research. Such maps are occa- 
sionally incorporated in national codes for the lightning protection of 
structures. ; 


2.2 The thundercloud 


Thunderstorms can be conveniently subdivided into two main classes: 
heat storms and frontal storms. The heat or convective storm predomi- 
nates in the tropics but also frequently occurs in mountainous areas. It is 
due to the fact that, on a hot day, warm air rises from patches of ground 
and is replaced by colder air drifting down. As the hot air rises it is 
progressively cooled and forms a cloud consisting first of water droplets 
and, at greater heights, of ice crystals. In this way a single or multiple 
cloud ‘cell’ is formed the top of which may reach a height of 12km. 

Frontal storms which predominate in temperate regions are caused by 
the impact of a front of cold air on a mass of warm moist air which is 
lifted above the advancing cold front. As the warm air rises the process 
described above is repeated but the resulting cumulo-nimbus clouds may 
in this case extend over several tens of kilometres in width and contain a 
large number of individual cells. 

The mechanism by which a cloud becomes electrically charged is not 
yet fully understood but it can be taken to be associated with the violent 
updraught of air in the centre of a cell and the resulting impact of 
super-cooled water droplets on ice crystals (Workman, 1967). Each cell 
has a diameter of several kilometres and undergoes a life cycle lasting 
some 30 minutes during which electric charges are generated and light- 
ning activity continues until the charging mechanism is exhausted (Byers 
and Braham, 1949). In any frontal storm several cells may be active at the 
same time and the total duration of a thunderstorm can amount to 
several hours. 

The mature state of a typical thunderstorm cell is illustrated in Fig. 2. It 
shows, in an idealized form, the distribution of rain droplets, snow flakes 
and ice crystals as well as the strong up- and down-draughts which are 
conveniently utilized by glider pilots but which have also endangered the 
lives of early balloonists. 

The ice crystals in an active cloud are positively charged while the 
water droplets usually carry negative charges. A thundercloud thus con- 
tains a positive charge centre in its upper region and a negative charge 
centre in the lower parts. Electrically speaking, this constitutes a dipole, 
the various consequences of which are discussed in later Sections. Occa- 
sionally, but by no means invariably, an additional concentrated region of 
positive charge is found near the lower leading edge of a moving cloud. 

For the purpose of numerical evaluation of the electric field produced 
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Fig. 2 Thunderstorm cell in mature state (Byers and Braham, 1949) 


by cloud charges, these can be regarded as concentrated in two points. On 
this understanding, the centre of the upper positive charge is found to be 
situated at a height of about 6km above ground and that of the lower 
negative charge at about 2:-5km (Bruce and Golde, 1941). These values 
have been determined for storms in Britain and may be regarded as 
typical for temperate regions. In the tropics, corresponding values are 
10km and Skm respectively (Chalmers, 1967). 
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The total charge in a cell has been estimated at 1000 coulombs, dis- 
tributed over a space of 50km?. 


2.3 Point-discharge currents 


In undisturbed fine weather, the earth which is an electrical conductor 
carries a negative charge. The corresponding positive charge resides in 


the MPP Pace re. This layer and the earth thus represent a large 
spherical ¥. The intermediate atmosphere is subjected to an elec- 


tric field which is perpendicular to the earth surface. According to conven- 
tion this fine-weather field has positive polarity and its magnitude is 
100 V/m (Malan, 1963). 

As shown in the preceding Section, a thundercloud carries, in its lower 
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Fig. 3 Electrostatic field distribution about vertical lightning conductor 


part, a heavy negative charge. When such a cloud approaches a given 
point of the earth’s surface the polarity of the electric field is reversed and 
this characteristic feature can be utilized to give a warning of an 
approaching thundercloud (Section 9.6). 

The magnitude of the electric field is highest vertically below the nega- 
tive charge centre and rapidly decreases with increasing distance. The 
negative field may reach a value exceeding 20000 V/m and, even at a 
distance of 5km from a cloud centre, it may still amount to 5000 V/m. 

A vertical electrical conductor, such as a metallic flagpole or a lightning 
rod, short circuits part of this electric field so that an intense field concen- 
tration is produced at its tip (Fig. 3). If the field strength at the tip is high 
enough, ionization by collision occurs and this leads to positive ions 
being transported from the earth through the conductor into the 
atmosphere. The resulting current is called a point-discharge current 
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(Chalmers, 1967). The ions produced at or near the tip of the 
earthed conductor move upwards in the prevailing electric field. 
However, at some small distance above the point, their velocity be- 
comes small compared with that of the high wind speeds below a 
thundercloud. The ion movement is thus largely governed by the 
gustiness of the wind so that pockets of positive space charge are 
formed in the atmosphere. Point-discharge currents and the resulting 
space charges play an important part in the development of the 
lightning discharge and in the action of a lightning conductor. 

The amplitude of the point-discharge current is a function of the mag- 
nitude of the electric field, of the height above ground level of the conduc- 
tor by which it is produced and of wind velocity. For a conductor of 
several tens of metres height standing in open country the current 
amounts to a few microamperes. In mountainous areas where thunder- 
cloud fields are intense the currents may reach a few milliamperes (Berger, 
1965). They can persist for lengthy periods according to the speed of 
movement of the thundercloud, a time of half an hour being typical. 

Point-discharge currents are also produced by natural growth, such as 
trees, grass blades or even sharp rocks and stones. They occur further- 
more on man-made conducting structures, like buildings, the metal 
towers of electrical transmission lines or ships’ masts. In the last case they 
were well known to mariners of old by whom they were termed ‘St. 
Elmos’ Fire’ after the patron saint of Mediterranean sailors (Schonland, 
1964). In the high mountains the same type of discharge can be seen in 
darkness at the tips of mules’ ears or the raised finger tips of men’s hands. 
While harmless in themselves, they are indicative of a highly charged 
atmosphere and mountaineers are well aware of the risk of sudden light- 
ning strikes once these point-discharge currents have developed. 


3 The Lightning Discharge 


3.1 Temporal development of flash to ground 


As shown in Section 2.2, the typical thundercloud carries positive charges 
in its upper part and negative charges below. Electric fields thus exist 
between these charges, as well as below and above them. When a round 
water droplet is exposed to an electric field it becomes elongated in the 
direction of the field and, as indicated in Fig. 4, tiny charges of equal and 
opposite polarity accumulate at its tips according to the principles of 
electrostatic induction. As the droplet is further elongated point- 
discharge processes can be initiated at its tips. Millions of water droplets 
can be subjected to this process more or less simultaneously and the 
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+ + + + 
Fig. 4 Induction and deformation of water droplets in increasing electrostatic field 
resulting tiny discharges can coalesce into larger discharge channels. It is 
in this way that a lightning discharge is thought to be initiated in a cloud 
(Malan, 1963). 

Detailed knowledge of what happens further is largely due to the inven- 
tion by Sir Charles Vernon Boys (1926) of the rotating camera. It consists 
essentially of two lenses rotating at high speed in opposite directions 
about a horizontal axis. If an object dropping from the sky was photo- 
graphed with such a camera, the traces of its fall would be deflected 
sideways in opposite directions by the two lenses respectively and by 
superposition of the two images the direction of movement of the object 
and its speed could be determined. As a tribute to the inventor’s persever- 
ance and as an encouragement to future research workers a facsimile is 
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shown on Plate 1 of an extract from a letter written by Sir Charles to the 
author shortly before his death. 

The Boys’ camera was first used successfully by Schonland (1933) and 
his co-workers in South Africa and later by research workers in the USA 
(Hagenguth, 1940), USSR (Stekolnikov and Valeev, 1937), Switzerland 
(Berger, 1955) and other countries. From all the available data, it appears 
that the development and the characteristic parameters of lightning 
flashes to open ground in different parts of the world are essentially the 
same although the numerical values of each individual parameter vary 
over a certain range. The statistical distribution of the frequency of occur- 
rence of most of these parameters is reasonably well established (Uman, 
1969) but, for the purposes of lightning protection, representative and 
maximum values need only be quoted in most cases. 
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Plate 1 Extract from a letter of Sir Charles Vernon Boys, dated 26 January 1944 


A lightning discharge (Schonland, 1956) to open ground starts in- 
variably in the cloud. It becomes visible on penetrating its lower boun- 
dary and it then progresses towards earth as a faintly luminous discharge, 
called the leader stroke. If photographed by a camera the lens of which is 
moving from left to right, the leader stroke would appear as shown 
schematically on the left of Fig. 5. It is usually heavily branched and, as 
the great majority of leaders originate from negatively charged cloud 
centres and are thus themselves negatively charged, these branches are 
attracted by positive charge pockets floating in the air as mentioned in 
Section 2.3. 

The leader channel and its branches are extended towards earth in 
discrete steps of about 20m length but there is some evidence (Malan, 
1963) that these lengthen as the leader approaches the ground. Such 
discharges are called stepped leaders. The most frequent velocity of move- 
ment of the leader tip is between 10° and 2 x 10° m/s, that is, less than one 
thousandth of the speed of light which amounts to 3 x 108 m/s. The cur- 
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Fig. 5 Temporal development of multiple earth flash as recorded by camera 
moving from left to right 


rent in the leader is estimated at several hundred amperes (Bruce, 1944) 
and the charge deposited along its whole length is likely to vary between a 
fraction of 1 coulomb and 10 coulombs or slightly more. 

When the faint lightning leader channel reaches the ground, intense 
luminosity is seen to travel upwards along its path towards the cloud and 
along its branches. This is termed the return stroke. In effect, this consti- 
tutes an electric short circuit between the negative charge deposited along 
the leader and the electrostatically induced positive charge in the ground. 
The velocity of the return stroke decreases from ground to cloud but 
initially amounts to 10° m/s, the most frequent average value over its full 
length being 3-5 x 10’ m/s, which is about one tenth the speed of light or a 
hundred times faster than that of the leader. 

The leader and return-stroke process as described may complete the 
visible part of the lightning discharge. However, after a certain time inter- 
val, a second leader stroke, followed by a return stroke, may occur. This 
subsequent stroke usually follows the path taken by the first stroke with 
the exception that it shows no branching. In contrast to the first leader, a 
subsequent leader is not stepped and is much faster; it is therefore called a 
dart leader. 

The process of dart leader and return stroke can be repeated several 
times. Each such component is termed a stroke while the complete 
process of successive strokes is termed a multi-stroke flash, or briefly a 
lightning flash. A lightning flash can thus consist of a single stroke or a 
sequence of several discrete strokes. As a rule, all subsequent strokes 
follow the path blazed by the first stroke but in high wind the entire 
channel can be blown sideways, thus giving a picture of several parallel 
luminous ribbons; this is called ribbon lightning. Very occasionally, and 
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particularly after an unusually long time interval, a later stroke may 
deviate from the original path near the ground. The same lightning flash 
then strikes at more than one point. Plate 2 shows a rare case in which 
lightning strikes at three different points; note also the clear effect of 
ribbon lightning (Golde, 1949). 

The relative frequencies of single-stroke and multi-stroke flashes differ 
in different parts of the world and there is strong evidence to suggest that, 
while single-stroke flashes predominate in temperate regions, multi- 
stroke flashes are much more frequent in tropical storms. Thus the most 
frequent number of component strokes in Britain is between 1 and 2, but 
it is 4 in South Africa. The highest value recorded photographically in the 
USA amounts to no less than 26 component strokes in a single flash 
(Workman et al, 1960). 

Time intervals between component strokes may vary from 3 to 100 ms, 
with 40 ms constituting a typical value. The total duration of a lightning 
flash is thus primarily determined by the number of component strokes. 
Thus the aforementioned flash with 26 strokes lasted 2s but durations 
exceeding one second are rare. A representative value may be 200 ms. 

Fig. 5 which is not drawn to scale shows a time-resolved picture of a 
multiple earth flash as seen by a camera moving from left to right. The 
interested observer will have no difficulty when watching a thunderstorm 
in recognizing a multiple flash by the flicker of its luminosity while the 
keen photographer can with luck obtain evidence of multiple lightning 
flashes by moving his camera with open shutter sideways about a vertical 
axis. 

The account given so far is concerned with negative lightning flashes, 
that is flashes conveying negative charge from cloud to ground. This 
comprises some 95 per cent of all earth flashes and even more in tropical 
storms. Only scanty information is available about the characteristics of 
positive lightning discharges. Despite differences in the development of 
the initial leader stroke, the leader-return process is the same in positive 
and negative discharges to open ground, with the one important differ- 
ence that positive flashes usually consist of a single stroke and seem to 
occur towards the end of a storm, when the upper positive cloud charge 
may be discharged to earth in one stroke which is often of exceptional 
severity (Berger and Vogelsanger, 1965). 


3.2 Strokes to tall structures 


The development of the lightning discharge described in the preceding 
Section refers to the normal flash as it occurs over open ground. A differ- 
ent development was first observed in rotating-camera photographs of 
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Plate 3 Lightning strike to 
unprotected chimney (Courtesy Mr. 
Vesantera) 


Plate 2 Lightning striking at three 
points 
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lightning flashes to the Empire State Building in New York which has a 
height of 380m (1250 feet) above street level (McEachron, 1939). Later, 
similar processes were recorded on tall structures in the Alps and in 
South Africa. This alternative mechanism of a lightning discharge results 
in a high concentration of strikes to such structures and, having regard to 
the increasing height of modern buildings and communication or cooling 
towers, attention must be paid to this phenomenon in lightning 
protection. 

Much of present knowledge on this type of discharge has become 
available from the work of Berger (1967) on Mount San Salvatore, a 
conical peak rising to the height of 640m (2100 feet) above Lake Lugano 
in Switzerland. Two tall lattice-steel towers, respectively at and near the 
peak, serve as focal points of the best equipped lightning observatory in 
the world. 

In about one quarter of all lightning strikes to these towers, the 
development of the discharge process follows the pattern described in 
Section 3.1 and illustrated in Fig. 5. In the majority of strikes, however, 
the mechanism is as depicted schematically in Fig. 6. In these cases the 
discharge is initiated at the tip of the tower in the form of a faintly 
luminous upward growing leader channel which is heavily branched to- 
wards the cloud. In contrast to the normal downward leader stroke, this 
upward leader is, however, not followed by a return stroke. It may either 
exhibit gradually diminishing luminosity or it may be followed by one or 
more subsequent strokes. If such subsequent strokes occur, they revert to 
the ‘normal’ pattern of downward dart leader, followed by an upward 
return stroke. 

The reversal in the direction of the initiating leader stroke is due to the 
high field concentration at the tip of a very tall structure such as the 


downward return 


dart leader stroke 
upward leader 


Fig. 6 Temporal development of flash initiated at tip of tall tower as recorded by 
camera moving from left to right 
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Empire State Building. In mountainous areas thunderclouds frequently 
develop only slightly above, or even below, mountain peaks. The higher 
regions of the mountains are thus subjected to intense electric fields. As a 
result, strong point-discharge currents are generated at the tips of the 
towers on Mount San Salvatore and this is confirmed by many records 
showing currents of up to 4mA flowing for several hours during 
disturbed weather conditions (Berger, 1967). 

According to Berger’s observations, upward leader strokes occur most 
frequently during the final stages of a thunderstorm and are frequently 
coincident with overhead cloud discharges. Such flashes produce sudden 
high field changes and it is concluded that it is such a field change which, 
superimposed on the strong point-discharge current, is responsible for the 
initiation of an upward leader stroke which then establishes contact with 
the cloud discharge. 

The development of upward discharges and thus the frequency of 
strikes to tall structures is also likely to be influenced by altitude since the 
electric breakdown strength of air decreases with decreasing air pressure 
(Malan, 1969). 

In connection with lightning risks in mountainous areas it should be 
noted that upward leader strokes have also been occasionally noted from 
short metal objects, such as flagpoles, even where these were not delib- 
erately earthed. 

Finally mention must be made of a particularly interesting observation. 
A lightning strike, preceded by an upward leader stroke, was recorded on 
a church steeple of about 25m height, situated on a low hill near Lake 
Lugano (Berger, 1967). Although this is a unique case it appears that, 
under exceptional conditions, an upward discharge can be produced even 
from a low object situated in comparatively open country. 


3.3 Lightning currents and related parameters 


When an object, be this a building, a rail leading into an underground 
tunnel or an aircraft in flight, is struck by lightning the stresses to which it 
is subjected are determined by the current discharged into it. From the 
point of view of lightning protection this current thus represents the most 
important single parameter of the lightning discharge. 

Complete knowledge of the time variation of a lightning current can 
only be obtained by oscillographic recording in the object struck. In view 
of the rare occurrence of a lightning strike to an object of normal height, 
accumulation of records by this method would be very time consuming 
and costly. Oscillographic recording was therefore concentrated on high 
objects which are liable to be struck fairly frequently, such as very tall 
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structures or balloons connected to earth by steel cables. From the first 
records which were so obtained it became clear that lightning currents are 
almost invariably unidirectional, that is, they either discharge negative 
currents or, much less frequently, positive currents into the object struck. 
This accords with the physical picture of a negative earth stroke as a 
mechanism by which negative charges in a cloud volume are transported 
into the body of the earth until the cloud charge originally tapped has 
been neutralized by the return-stroke process. 

Once it was established that current flow in a lightning stroke is unidir- 
ectional a cheaper method of measuring its maximum current amplitude 
could be devised. The method adopted utilizes magnetic links, small 
bundles of highly coercive steel strips or wires, or links made from 
sintered material. If such a magnetic link is installed at right angles to, 
and at a short distance from, a current-carrying straight conductor, it 
becomes magnetized and the polarity and magnitude of the magnetizing 
current can then be derived from the residual magnetism retained by the 
link. 

Many hundreds of thousands of these devices have been installed on 
lightning conductors, electrical transmission towers and other objects in 
different parts of the world and several thousand readings have been 
obtained. These results are subject to two major limitations (Golde, 
1946). In the first place, magnetic links as installed in practice are incap- 
able of recording current amplitudes below about 1000 to SOOOA. 
Secondly, unambigious results can be expected only from measurements 
involving a single discharge path. Fig. 7 shows a frequency-distribution 
curve, incorporating the best information available. Omitting weak 
discharges with current amplitudes of less than 2 kA, the avera rage light- 
ning current amplitude is seen to amount to 0 about 25 kA while ampli- 
tudes exceeding say 80 kA can be regarded as rare, (ae 

For structures involving a high risk of loss of life, knowledge is required 
of the highest possible current amplitude. This cannot be stated with any 
degree of confidence. Suffice it to say that the maximum value lue reliably 
recorded is 270kA (Berger, 1971) but that much higher amplitudes 
cannot be ruled out. Some of the highest amplitudes, including the fore- 
going value, were observed in the comparatively rare positive strokes. 

The most comprehensive information on the wave shapes of lightning 
currents is due to the work on Mount San Salvatore (Berger, 1967) on 
which several oscillographs with different sweep speeds are employed. It 
must be stressed that the wave shapes of no two lightning currents are 
exactly alike. However, certain common characteristic features have been 
established and a schematic representation of the complete current flow 
in a multiple lightning flash of negative polarity is shown in Fig. 8. Fol- 
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Fig. 7 Frequency distribution of lightning current amplitudes 


lowing the first contact between the normal negative leader channel and 
the tower the current is seen to have a concave wave front of increasing 
steepness reaching its crest in some 10 to 15 ys*. The current increase is 
then halted almost abruptly and it begins to decrease either immediately 
or after a further peak has been reached. The duration of the current tail 
is such that its amplitude has fallen to 20 per cent of its crest value in 200 
to 300 us. Seine 
~ Ina multiple flash, subsequent stroke currents have much shorter front 
lengths than the first current, taking only | to 2 us to their crests. The 
wave tails of these subsequent stroke currents are similar to those of the 
first currents. Their crest values are usually somewhat lower than that of 
the first current. 

On theoretical grounds it might be argued (Kitagawa et al, 1962) that a 
small current may continue to flow throughout the apparent pauses 


Or =20 50 100 500" * ! 20 50 100 
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Fig. 8 Current in multiple negative lightning flash 


* 1 us = one millionth of a second 
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between the heavy current impulses associated with the component 
strokes of a multiple flash. It appears that this so-called continuing 
current, if it exists, is below 1 A (Berger, 1967). 

As mentioned earlier, the rare positive lightning flashes not in- 
frequently involve particularly high current amplitudes. The wave fronts 
of these currents are longer than those of negative currents and may 
amount to 20 to 50 us. Their wave tails are also long, the amplitude on the 
tail falling to half its crest value in about 1000 us. A typical positive 
lightning current is illustrated in Fig. 9. 

It can be seen from Fig. 8 that the maximum rate-of-rise in a negative 
current occurs practically at the same instant as the first current crest. 
This observation is of considerable importance for the lightning protec- 
tion of some structures. The maximum rate-of-rise recorded in first 
strokes is 30 kA/us whereas in subsequent strokes it amounts to 80kA/ys 
(Berger, 1971) but this value is likely to be exceeded as more factual 
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us 
Fig. 9 Current in positive lightning stroke 


information becomes available. In positive strokes the maximum front 
steepness is much lower and does not usually exceed 10 kA/ys. 

The electric charges associated with lightning flashes are determined 
most accurately by integration of current oscillograms but estimates of 
total charges in flashes can also be made from the melting of tips of 
lightning conductors or holes burnt in thin metal sheets (Section 5.3). The 
highest value registered on Mount San Salvatore amounted to 415 cou- 
lombs and similar values have been derived from holes burnt in aircraft 
but an average value is no more than 30 coulombs. Positive flashes 
frequently involve large charges and this is mainly due to their pro- 
nounced high-current tails illustrated in Fig. 9. 

Normal flashes initiated by downward leaders convey, in general, smal- 
ler charges than those with upward leaders. This is due to the long- 
duration currents feeding an upward-growing leader channel. In fact, the 
impulsive parts of the total current flow in a normal multiple lightning 
flash constitute only a small fraction of the total charge; values of a few 
coulombs are most common and a value of 15 coulombs is unlikely to be 


exceeded, 
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The heat dissipated in a lightning conductor carrying a current of i 


amperes is proportional to the term |i? dt. The highest values recorded so 
far are 10’ A*s for positive discharges and 10° A“s for negative discharges 
(Berger, 1971). aly 


Little reference has so far been made to cloud discharges by which 
charge centres of opposite polarity either in the same thunderstorm cell 
or in different cells are neutralized. Cloud discharges are actually con- 
siderably more frequent than earth discharges. The ratio of cloud—cloud 
to cloud—ground flashes varies considerably with the topography of the 
ground, being usually lower in the mountains than over flat country. It 
also varies widely in different storms over the same locality. One other 
notable feature is an increase in the percentage of earth flashes with 
increasing geographical latitude (Pierce, 1968). Thus earth flashes are 
relatively more frequent in temperate than in tropical areas of the world, 
the ratio of cloud—cloud to cloud—ground flashes being of the order of 
15% tin-the fofmer:and 5:1 in the latter. 

Lightning discharges in thunderclouds cannot be readily photographed 
so that information on such flashes has to rely on indirect deductions. 
One important factor which can be deduced from recordings of electric 
field changes is the absence of strong impulsive currents. It has already 
been mentioned that many lightning flashes which are initiated by 
upward-growing leaders merely give rise to a continuing current of a few 
hundred amperes lasting up to half a second or slightly longer. The 
reason for this feature is to be found in the high electrical resistance of a 
mass of rain drops on which the cloud charges neutralized by these 
upward leaders reside. The same conditions must be presumed to apply 
to cloud discharges so that the current in a typical cloud discharge may 
look like Fig. 10. 

Such a flash may last one second and charges of up to 250 coulombs or 
occasionally more are involved. The maximum current amplitudes 
flowing in such discharges may thus reach a few hundred amperes, values 
which are of the same order of magnitude as those observed in the 
upward leader strokes from Mount San Salvatore and from the tip of the 
Empire State Building. 


0 0-1 0:2 0:3 0-4 0:5 
time, s 
Fig. 10 Assumed current in cloud—cloud flash 


3.4 Frequency of lightning discharges 


The only structures endangered by cloud discharges are aircraft in flight. 
However aircraft must be securely protected against even the most severe 
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lightning strikes and the frequency with which they are likely to be struck 
by either cloud or earth flashes is therefore of little importance for the 
degree of protection to be provided. 

All other structures, whether on or below ground, are endangered only 
by earth flashes. The need of their protection and the extent of this 
protection are therefore a function of the likelihood of their being struck 
and this, in turn, is related to the frequency of occurrence of earth flashes 
per unit area of ground. The same argument applies to electrical transmis- 
sion lines on which lightning constitutes the most frequent single cause of 
supply interruptions and damage. Having regard to the vital importance 
of this parameter it is regrettable to have to admit that knowledge of the 
local frequency of earth flashes is still rather scanty. 

Before reviewing existing information mention may be made of so- 
called ‘lightning nests’. These are points or restricted zones on the earth 
surface which are claimed to be subjected to a notably higher number of 
lightning strikes than the immediately surrounding area. Support for this 
claim has been adduced both from observational data and from theoreti- 
cal reasoning (Dauzere, 1933; Viel, 1935). Observational data have, with- 
out exception, been found to be based on wrong conclusions or 
misapplication of statistical laws; further reference to this aspect is made 
in Section 4.2. Theoretical reasons were founded on the effect of radio- 
activity in the ground on the path of an earth flash. This aspect is dis- 
cussed in Section 4.4 and the belief will again be seen to be fallacious. 
From all the evidence available it must be concluded that lightning nests 
do not exist (Ruedy, 1945) but that earth flashes are distributed at 
random. This conclusion is confirmed by photographic observations of 
104 points of strike over a ten-year period to an area of about 120km? 
around Mount San Salvatore (Berger, 1966). 

The most comprehensive review of the frequency of earth flashes was 
undertaken under two headings, namely visual observations and electric 
recordings on the one hand and lightning strikes to overhead transmis- 
sion lines on the other. The results of this survey (Golde, 1961), slightly 
extended to cover more recent data, are brought together in Tables 1 and 
2 in which the frequency of earth flashes is related to the appropriate 
number of local thunderstorm days and a unit of one square kilometre of 
earth surface. : 

Table 1 incorporates the results of visual observations in the USA, 
Australia and South Africa, photo-electric recordings in Canada, the ex- 
perience of close earth flashes of two groups of people of varying age and 
totalling 254 persons in England, point-discharge recordings in England, 
electric field-change measurements in the USA and photographic obser- 
vations in Switzerland. 
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The data listed in Table 2 are derived from magnetic-link measure- 
ments on high-voltage transmission lines in different parts of the world. In 
order to associate these numbers with the appropriate surface area an 
assumption had to be made concerning the horizontal distance over 
which a downward leader stroke would be attracted by a transmission 
line and this estimate was based on the same considerations on which the 
attractive effect of a lightning conductor of given height is determined in 
Section 4.2. 


Table 1 Frequency of earth flashes based on 
observations and measurements 


Radius 


Method Reference (km) | Country 


visual Hagenguth, 1947 USA 0-4 
photographic | Schonland, 1964 South 1-4 
Africa 

photo- Ellis et al, Canada 0-4 
electric 1958 

personal Golde, 1945 England 1:8 
experiences 

point- Whipple et al, England Be) 
discharge 1936 

point- Berger, 1967 Switzer- 1-0 
discharge land 

field change Wormell, 1939 England 0:35 

field change Trueblood et al, USA icf 

1949 
field change Trueblood et al, USA 1-45 


1949 


TD = Thunderstorm days 


Considering the different parts of the world included in this survey, the 
short periods of some of the observations, and the notable variability of 
lightning activity from year to year, the data given in Tables 1 and 2 show 
surprisingly little discrepancy. It would thus appear that a figure of one to 
two earth flashes per 10 thunderstorm days per square kilometre may be 
accepted as a representative estimate of earth-flash density. 

In order to obtain strictly comparable data on this parameter an instru- 
ment is required which is capable of recording all earth flashes within a 
given area. If such an instrument is to be installed in large numbers it 
must be simple and inexpensive. With this aim in mind, a lightning-flash 
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Table 2 Frequency of earth flashes deduced from 
number of strikes to transmission lines 


Line voltage 


Reference Country 


Golde, 1945 


Golde, 1945 
Golde, 1945 
Golde, 1945 
Anderson Southern 
et al, 1954 Rhodesia 
Schlomann USA 
et al, 1957 
Baatz, 1951 Germany 
Baatz, 1951 Germany 
Baatz, 1951 Germany 
Baatz, 1951 Germany 
Popolansky, Czecho- 
1960 slovakia 
Brown et al, USA 


1969 


TD = Thunderstorm days 


counter was designed and, after further development by an international 
committee of experts, these counters were installed in four continents. 
This device is described in Section 9.6. Unfortunately the counter was 
found to be actuated not only by earth flashes but also by a certain 
fraction of cloud discharges and its effective recording range has still to be 
determined accurately. 


4 The Lightning Conductor 


4.1 Mechanism of strike 


Elucidation, by means of lightning photography, of the mechanism by 
which a particular point of the ground or an object on the ground is 
struck is beset with difficulties for two reasons. In the first place many 
photographs show that, in the normal lightning stroke, downward bran- 
ching occurs down to quite low heights above the point struck. The 
- direction of branching in an electric spark or a lightning discharge is 
known to be indicative of the direction of the progression of that 
discharge (Schonland and Allibone, 1931). It must therefore be concluded 
that the normal leader stroke continues in its movement to a low point 
above the point of strike. In other words, visual evidence of the mechan- 
ism of strike requires information on the development of the last few steps 
of a leader stroke. It is here that the second difficulty arises since the 
halation produced on a photographic plate by the intense return stroke is 
so strong that fine details in the last steps of the leader-stroke path are 
frequently obliterated. 

As mentioned in the Introduction, Benjamin Franklin’s concepts of the 
lightning discharge were developed from a study of the longest electric 
spark he was able to produce with the equipment then available. Since 
then, the breakdown characteristics of air gaps measuring 10 metres and 
more have been investigated under a variety of conditions of voltage 
application and, following the lead given by Franklin, it is this aspect 
which may now be examined. 

No means are known for measuring directly the potential, with respect 
to earth, of the charge centre in a thundercloud or of the tip of a 
downward-moving leader channel. However, from indirect arguments it 
has been concluded that this potential should lie between 10’ and 10° 
volts (Bruce, 1944). The velocity of propagation of the leader channel 
during its later stages can be taken as 1-5 x 10° m/s and the corresponding 
lengths of the last steps as 25m. From these values it follows that the 
rate-of-rise in potential difference between the tip of the leader and earth 
should lie between 60 and 600k V/us. This estimate neglects any potential 
drop along the leader channel but as this channel carries currents of 
several hundred amperes the potential drop can be taken to be negligibly 
small. 
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Nowadays breakdown tests of long spark gaps are made with impulse 
generators of 5 million volts or more. If the test voltage is to rise at rates 
between 60 and 600kV/us, the front duration of the test impulse should 
lie between 80 and 800 us. Such front durations are typical of impulses 
which are known in high-voltage technique as switching impulses. In view 
of their importance for modern extra-high-voltage transmission lines, the 
breakdown of long air gaps under these types of impulse voltage has been 
extensively investigated in recent years. Unfortunately most of these tests 
are concerned with the sparkover of gaps under positive switching im- 
pulses for the simple reason that these produce much lower breakdown 
voltages than negative impulses and it is the minimum breakdown volt- 
age of a given arrangement which is of concern to the electrical transmis- 
sion engineer. Information on the high breakdown voltages under 
negative switching impulses, which are representative of the normal nega- 
tive lightning discharge, is therefore rather restricted. 

Fig. 11 gives representative test results (Anderson and Tangen, 1968) by 
showing the variation of breakdown voltage with distance for different 
electrode configurations and either polarity of the high-voltage electrode. 
Several conclusions can be drawn from these curves. As already indicated, 
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Fig. 11 Switching-impulse breakdown voltage of rod—rod and rod—plane gaps 
(Anderson and Tangen, 1968) 
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for a given gap length the breakdown voltage is higher for a negative than 
for a positive high-voltage electrode. This difference is due to the fact that, 
neglecting initial corona effects, impulse breakdown of a long gap starts 
by a ‘leader’ from the anode (Allibone, 1967). Thus, if a negative impulse 
is applied to a high-voltage electrode, a leader grows rapidly towards the 
earthed electrode but, at an early stage of this process, a counter 
discharge is initiated from the earthed electrode which now represents the 
anode of the electrode configuration. This upward directed anode 
streamer may cover one half of the total gap length. 

Another conclusion to be drawn from Fig. 11 relates to the difference in 
breakdown voltage of a rod—rod as compared with a rod—plane gap. As 
the length of the earthed rod increases, the breakdown voltage of a given 
gap decreases for negative impulses but increases for positive impulses. 
This difference can again be explained by the difference in breakdown 
mechanism according to whether the rod electrode constitutes the anode 
or cathode of the gap. As long as the earthed rod bridges a small fraction 
only of the total gap, it exercises a negligible effect on the breakdown 
voltage and this is particularly so in the case of the negative high-voltage 
electrode. 

A further important result of Fig. 11 is the observation that the break- 
down voltage increases much less rapidly than in proportion with the gap 
length. This fact can be differently expressed by concluding that the aver- 
age breakdown gradient, defined as the ratio between the breakdown 
voltage and the gap length, decreases with increasing gap length. 

The foregoing experimental facts may now be applied to the mechan- 
ism of a lightning strike to open ground and to an earthed object. The first 
observation relates to the fact that the breakdown of a long gap in- 
variably involves the occurrence of an upward streamer from the earthed 
electrode. This leads to the important conclusion that, if the lightning 
discharge behaves in a similar manner as a long impulse spark in the 
laboratory, the point of strike is determined by the development of an 
upward streamer from earth or from an earthed structure. 

In the experimental set up of a rod—plane gap, the plane is usually 
represented by a flat metal sheet and great care is taken to avoid buckling 
of the sheet or any other irregularity. Open ground, on the other hand, is 
almost always covered with grass, stones or low growth which, as shown 
in Section 2.3, give rise to point-discharge currents, thus facilitating the 
development of upward streamers. Again, the height of an ordinary struc- 
ture is short compared with the total length of the last few steps of a 
lightning leader stroke. It may thus be concluded on the basis of present 
knowledge that the distance between the tip of a leader channel at the 
instant when an upward streamer is initiated is, as a first approximation, 
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practically the same whether that streamer originates from open ground 
or from a structure of ordinary height. 

Summarizing, the mechanism of a lightning strike can be said to start 
with the onset of point-discharge currents from earthed objects which 
increase in amplitude as the leader channel progresses towards earth. At a 
certain stage of its progress one, or very rarely several, of these point- 
discharge currents reaches sufficient magnitude to develop into streamers 
which carry charges of opposite polarity to those on the approaching 
leader channel so that the two discharges are strongly attracted towards 
each other. When they meet, the return-stroke process begins to develop. 
This suggested mechanism is confirmed by Berger’s (1965) observation 
that, prior to a strike to one of his measuring towers, currents reaching 
several hundred amperes flow for periods lasting several hundred 
microseconds to one millisecond. 

Direct photographic evidence for this mechanism is difficult to obtain. 
However, Plate 3 (see p. 13) shows a remarkable photograph, obtained at 
the University of Helsinki by Mr. Vesantera; of a lightning strike to a 
chimney pot on top of a nearby building. Near the centre of the photo- 
graph the lightning channel is seen to be split into three distinct traces 
and this is the position at which the downward leader channel is met by 
the upward streamer from the chimney pot. 

A few other photographs showing similar evidence are discussed in 
later Chapters. Such photographs were almost invariably obtained at 
short distances from the point struck and it will furthermore be shown 
that they usually involve comparatively weak discharges so that they 
were free from excessive halation. 


4.2 Striking distance 


The normal negative leader moves from a cloud centre towards ground in 
discrete steps the direction of which are haphazard or are inclined to- 
wards positive space charges floating in the atmosphere. As suggested in 
the preceding Section this process continues until a counter streamer is ini- 
tiated from ground or from an earthed object. It is therefore at that 
particular position that the point of strike is determined. The distance 
between the tip of the leader at this position and the point struck is 
termed the striking distance, a term originally introduced by Benjamin 
Franklin (1767) himself. The length of this distance will now be 
determined. 

In order to simplify the calculation (Golde, 1945) the leader channel 
may be represented (Fig. 12) by a vertical conductor which stretches from 
the cloud centre at height h, to a point of height h, above ground. A 
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charge qo is deposited along this conductor and, from electrostatic con- 
siderations (Bruce and Golde, 1941), the charge density Q, that is the 
charge per unit length, can be taken to decrease exponentially along the 
conductor according to the relation: 


charge density 
on leader channel 


Fig. 12 Leader approaching earth and charge density along it 
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where Q, is the charge density at the tip and f is a constant the value of 
which is about 107°. The total charge on the conductor is thus: 
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As it will be seen that h, is very small as compared with h, this becomes 
approximately: 


15 (2) 


According to the laws of electrostatics the electric field strength e due 
to a point charge q at a height h above an earthed plane is: 


2q 
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The electric field strength above ground level due to the charge dis- 
tributed along the leader channel thus becomes: 
h2 ge Bh 
ei Bx 10170, | a dh in V/cm 
hy 
h2 o— Bh 
and with (2) e= sx 10740 ar dh in V/cm (3) 

Numerical evaluation of expression (3) produces Fig. 13 in which the 
electric field strength above the ground surface is plotted as a function of 
the height of the tip of a leader channel carrying charges from 0:3 to 8 
coulombs. These are the charges which are neutralized during the return- 
stroke process and they are therefore related to the amplitude of the 
lightning current. From an integration of representative current oscillo- 
grams it is concluded that an average lightning current of 25kA corre- 
sponds to a charge of 1 coulomb so that the information plotted in Fig. 13 
can also be expressed in terms of the lightning current or the severity of 
the lightning discharge. 

Once a critical field strength has been adopted for the last step of a 
lightning leader stroke, Fig. 13 enables the heights above ground of the 
tip of the leader channel to be derived at which an upward streamer can 
be expected to be initiated and this, by definition, describes the striking 
distance. In order to decide on a representative value of the critical field 
strength we have to revert to the discussion of the breakdown gradient of 
long air gaps in Section 4.1. 


16 


V2 


8 charge, coulombs 


electric field strength, kV/cm 


0 40 80 120 160 200 240 
height of tip of leader, m 


Fig. 13 Variation of electric field strength at earth surface with height of tip of 
leader for different charges on leader channel 
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It has been shown there that the breakdown gradient of an air gap, the 
high-voltage electrode of which is a rod, is, as a first approximation, 
independent of the shape of the earthed electrode; it is larger for negative 
impulse voltages than for positive impulses, and it decreases with increas- 
ing distance. So far as lightning protection is concerned, the main practi- 
cal interest is limited to structures of up to say 20 m height, structures of 
greater height requiring in any case special consideration. The average 
length of a step in a leader stroke was seen to be 20m, a value which 
might increase to say 25m as the leader approaches earth. With these 
figures the value of H/D, adopting the symbols used in Fig. 11, would vary 
between 1-0 and 0-8. From the evidence plotted in Fig. 11 it is therefore 
concluded that the critical breakdown gradient over the air space 
between the tip of the lightning channel and earth is of the order of 
5kV/cm for the normal case of a negative lightning stroke and 3k V/cm 
for a positive stroke. It is readily admitted that, as further experimental 
information becomes available on the breakdown of long air gaps under 
switching impulses, the foregoing values may have to be revised but, as 
can be seen from Fig. 13, small changes in the value of the critical break- 
down gradient have no great effect on the resulting value of the striking 
distance. 

The horizontal lines in Fig. 13 indicate the critical breakdown gra- 
dients of 5kV/cm and 3kV/cm respectively and where these cross the 
charge curves they give the critical height of the tip of the leader when the 
point to be struck is about to be determined. The results are plotted in 
Fig. 14. Some implications of these curves will now be examined with 
particular reference to the normal negative lightning discharge. 
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Fig. 14 Variation of striking distance with lightning current amplitude 
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The most important conclusion is that the striking distance is seen to 
be a function of the charge on the leader channel or, more specifically, 
that it increases with increasing severity of the lightning discharge (Bruce, 
1944), For an average lightning current of 25kA the striking distance 
amounts to about 40m. This confirms the statement made in the evalua- 
tion of expression (2) that the value of h, is very small compared with the 
height of the cloud. It also provides quantitative evidence against the 
belief in lightning nests (Section 3.4) since it is now seen that the direction 
in the progression of the leader remains unaffected by any feature on, or 
below, ground until the tip of the leader has reached a height of only a few 
tens or, at most, two hundred metres above earth. 

For evidence of the mechanism suggested, reference may be made to 
the sketch in Fig. 15 which is based on the photograph of a lightning 
strike to a beach in New Jersey (McEachron and Morris, 1936). This 
photograph was taken from a distance of only 30m and the absence of 
halation indicates a weak discharge. The short length of the upward 
streamer of 3m confirms this conclusion. 
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Fig. 15. ‘Sketches tof» mlightning Fig. 16 Sketch of lightning 
photograph (McEachron et al, 1936) photograph recorded by _ Boys’ 
camera moving from left to right 


Another interesting photograph was taken with a rotating camera in 
the South African veld (Malan and Collens, 1937). Fig. 16 shows a draw- 
ing prepared by Malan for the author of the last three steps of the leader 
before it contacts one of three upward streamers from the open country 
where the strike occurred at a distance of some 2km. One of the two 
lenses of the camera had been stopped down to avoid overexposure for 
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photometric purposes. At the point indicated by X the leader channel 
shows an abrupt change of direction and this, it is suggested, is the height 
above ground which represents the striking distance. According to 
Malan’s estimate the stroke was of more than average intensity and the 
height of point X above ground was 50m. From Fig. 14 this suggests a 
current amplitude of about 35kA which is certainly more than average. 

From the evidence of Fig. 11 it has been concluded that, provided the 
length of an earthed rod in a rod-rod gap was short compared with the 
sparkover distance of the corresponding rod—plane gap, the impulse 
sparkover voltage was practically the same for either configuration. 
The height of an ordinary structure is considerably less than the length of 
the striking distances indicated in Fig. 14 and furthermore a structure of 
appreciable horizontal dimensions produces a much smaller concentra- 
tion of the electrostatic field than a single rod electrode in a rod—rod gap. 
It must therefore be concluded that the striking distances of Fig. 14 not 
only apply to lightning strokes to open ground but also to strokes to 
structures, whether or not these are fitted with lightning conductors. 

In this context reference may be made to the lightning photograph 
reproduced in Plate 3. The height above the chimney pot of the point 
where the leader channel and the upward streamer meet was in this case 
determined as 9m. If this amounts to roughly one half of the striking 
distance, the lightning stroke can be estimated from Fig. 14 to have 
discharged a current of the order of 12 kA. This constitutes a weak stroke 
and this conclusion is confirmed firstly by the absence of damage to the 
chimney pot and secondly by the slight halation of the photographic film. 

The concept of the striking distance has attracted much attention in 
recent years in connection with the lightning protection of extra-high- 
voltage transmission lines (Brown and Whitehead, 1969). While no fina- 
lity can be claimed for the numerical values indicated in Fig. 14 they are 
believed to be of the right order of magnitude and can be used for an 
assessment of the attraction exerted by a structure on a lightning leader 
stroke. 


4.3 Protective zone 


In the Introduction reference was made to Benjamin Franklin’s first 
enunciation of the principle of lightning protection. His method is 
described in the following sentences. 


Provide a small Iron Rod (it may be made of the Rod-iron used by the 
Nailers) but of such a Length, that one End being three or four Feet in 
the moist Ground, the other may be six or eight Feet above the highest 
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Part of the Building. To the upper End of the Rod fasten a Foot of 
Brass Wire, the Size of a common Knitting-needle, sharpened to a fine 
Point; the Rod may be secured to the House by a few Staples. If the 
House or Barn be long, there may be a Rod and Point at each End, and 
a middling Wire along the Ridge from one to the other. 


The reader will see that, in addition to a vertical rod at each end of the 
roof of the building, Franklin recommended a ‘middling Wire’ running 
along the entire length of the ridge. While this principle constitutes an 
important part of a modern roof conductor system (Section 7.1), it is 
ironical to recall that it was almost completely forgotten by Franklin’s 
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Fig. 17 Zones of protection by vertical lightning rod (Lodge, 1892) 


successors who, instead, became obsessed with the size, configuration and 
constitution of single or multiple vertical lightning rods. 

For dwellings of moderate size single rods were deemed adequate and, 
in order to achieve reliable protection of the entire roof, great ingenuity 
was used in determining the space protected by such a rod and this was 
usually referred to as the protective zone of a lightning conductor. The 
various shapes and sizes of this zone, as suggested during the nineteenth 
century, were collected together by Sir Oliver Lodge (1892) and are re- 
produced in Fig. 17. 

In the present century several other workers have attempted to deter- 
mine the size and shape of the protective zone either from geometrical 
considerations of the striking distance or from model tests undertaken 
with high-voltage impulse generators (Provoost, 1960). In all these con- 
siderations the protective zone was implicitly taken to be ‘the space adja- 
cent to the rod or mast that is substantially immune to direct strokes of 
lightning’, a definition to be found in the Lightning Protection Code 
(1968) of the American National Fire Protection Association. Later in the 
same Code, the protective zone is further described by the statements 
that, for ‘important cases’ the zone of protection is given by the space 
FAG in Fig. 17 while in ‘less important cases’ the space BAC ‘has been 
found to be substantially immune’. 

Such statements seem to disregard the many cases in which direct 
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lightning strikes have in fact been observed to occur well within even the 
smaller zone indicated. The first person to have collected such cases was 
Anderson (1879) whose book contains a wealth of information on 
damage due to lightning. This work was continued systematically by 
Walter (1937) and since then a great many other similar instances have 
been reported, including a stroke to earth near an Apollo rocket in its 
vertical blast-off position. 

With this negative evidence in mind, we may now consider how the 
results obtained in the preceding Section on the striking distance of a 
leader stroke to earth can be applied to the case of a lightning rod and 
what the implications are with respect to the concept of a protective zone. 
It has been shown that, for a given gap length, the impulse breakdown 
voltage of a long rod—rod gap differs little from that of a rod—plane gap, 
provided the length of the earthed rod is short compared with the spark- 
over distance. This condition is fulfilled for a lightning rod of ordinary 
length and it may therefore be concluded that the striking distances 
plotted in Fig. 14 apply not only to strokes to ground but also to single 
free-standing lightning rods. 

It thus follows that the striking distance to a lightning rod cannot be 
described by a single value, as was implied in the early geometrical con- 
siderations and model tests, but that it increases with increasing intensity 
of the subsequent return stroke, that is, with the severity of the strike. 
Photographic evidence for the suggested mechanism of attraction by a 
lightning conductor is readily available. Plate 4 shows an example of a 
stroke to the conductor of a 26m high chimney. The sharp bend in the 
lightning channel can be taken as indicating the instant when an upward 
streamer was initiated from the lightning rod so that the distance between 
that point and the top of the chimney would constitute the striking dis- 
tance which, in this case, amounted to not less than 30 m, neglecting any 
effect of foreshortening. 

On the basis of the present concepts concerning the mechanism of a 
lightning strike Fig. 18 may now be constructed. Assume a vertical light- 
ning rod of height H and a striking distance, according to the charge on the 
leader channel, D. When the tip of a leader, approaching from any angle, 
penetrates into the zone shaded horizontally it will be attracted by the 
lightning rod; if it penetrates into the zone shaded vertically it will be 
attracted to earth. The protective zone of a free-standing vertical light- 
ning rod might thus be described by a cylinder about the rod, the radius 
R of the cylinder being given by: 


R=(2DH—H’)'? ifD>H_ or 
Ri=eD if D<H (4) 
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Plate 4 Lightning strike to protected factory chimney (Courtesy T. L. Morgan 
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Having thus established a rough picture of the protective zone of a 
vertical rod its significance and its distinct limitations will now be 
considered. 

The most important practical conclusion is that, for a structure say up 
to 20m height, the distance over which a lightning stroke of average 
intensity is liable to be attracted amounts to about 40m, or twice the 
height of the structure. This figure will permit a rough estimate to be 
made of the frequency of lightning strikes to a building (Section 4.5). 


Fig. 18 Schematic representation of attractive effect of vertical lightning rod 


Lightning strokes of more than average intensity are liable to be at- 
tracted over considerably greater distances but, from the point of view of 
protection, this can be regarded as a beneficial attribute of a lightning 
conductor. On the other hand, weak strokes may not be intercepted at all 
but, while this feature may be acceptable in the case of an ordinary 
building, it cannot be accepted for certain danger structures, e.g. where 
sparking can cause an explosion. 

A major limitation of the entire concept of a protective zone lies in the 
fact that the considerations outlined were based on the assumption of a 
single free-standing lightning rod. Let us assume that such a rod was used 
for the protection of a small structure as indicated in Fig. 19. Even if this 
structure is made of insulating material, its surface can be expected to be 
thoroughly wetted during a thunderstorm and, being in contact with 
earth, this surface moisture causes the zero potential of the earth to be 
raised, thus producing a distortion of the electrostatic field. Thus, if a 
leader stroke approaches under an angle inclined towards the building, as 
indicated, the field concentration can be higher at the edge of the building 
facing the leader than at the tip of the lightning rod. 

The same argument can be used for a vertical lightning rod on the roof 
of a building and it must therefore be concluded that even the limited 
concept of a protective zone developed above for a free-standing lightning 
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rod cannot be applied with confidence for the protection of a 
building. 

It is interesting to note that the South African Code is one of a few 
modern documents in which reliance is placed on the protection afforded 
by a single free-standing lightning mast, at least for small dwellings. The 
same concept is accepted in the US Code. In the South African document 
the statistical aspect of the zone protected by a vertical lightning rod is 
clearly explained and the slight risk of possible failure to protect is 
demonstrated. In the US Code the recommendation of a specific shape 
and size of the protected zone is accompanied by a reference to ‘conven- 
tion’. The British Code also refers to a zone of protection but it is stressed 
that ‘experience shows that a conductor cannot be relied upon to provide 
complete protection within any practical zone’. In a similar manner, the 
German Code states “experience has shown that no unambiguous protec- 
tive zone can be assigned to a lightning conductor’. Most other Codes 
avoid this difficulty by making no mention whatever of a protective zone 
or any similar concept. 


Fig. 19 Sloping leader approaching protected structure 


So far, discussion has been confined to structures of ordinary height. 
Turning now to very tall structures, these can be simulated in the labora- 
tory by an isolated rod—rod gap. According to the results plotted in Fig. 
11 the striking distance would in such a case be represented by a curve 
lying between those for a negative and positive stroke in Fig. 14. 

The two towers employed in Berger’s investigations are both 70 m high 
and are installed respectively at and near the top of conical Mount San 
Salvatore. Photographs are available of at least two negative downward 
discharges which are relevant to the question of the striking distance toa 


The Lightning Conductor 37 


very long lightning rod. In both these cases the length of the striking 
distance can be established from rotating-camera photographs which 
clearly show the position of the tip of the last step in the leader and the 
instant when an upward streamer from the tower was initiated: the asso- 
ciated current amplitudes are furthermore accurately known from 
oscillograms. 

In the first case (Berger and Vogelsanger, 1966 (Fig. 12)) a current 
amplitude of 16kA is associated with a striking distance of about 27m, 
while the second case (idem Fig. 13) involves a current amplitude of 27kA 
and a striking distance of about 37m; these are minimum distances since 
the lengths of the three-dimensional tracks may be longer. These values 
are seen to be of the right order of magnitude indicated in Fig. 14. 

Even if the striking distance to a tall structure can be estimated, no 
protective zone can be assigned to such a structure. In the first place, a 
leader stroke with a considerable inclination towards the vertical might 
not be attracted at all to the tip of the structure. Direct strokes to the sides 
of such structures or to earth near them have indeed been reported. One 
such case is illustrated in Fig. 20 which shows a strike to a platform of the 
Palace of Culture in Warsaw at a point 95 m below the top of the building 
(Maksiejewski, 1963). Secondly, the tip of such a structure is the seat of 
strong point-discharge currents and the resulting space charges which are 
being shifted by wind can affect lightning discharges in a manner which, 
at present, can only be described as unpredictable. This is exemplified by 
the photograph (Berger, 1967 (Fig. 40)) of a lightning strike to the iron 
railing of the uppermost platform of one of the towers on San Salvatore 
which occurred coincidentally with a long streamer from the top of the 
tower without establishing contact with the lightning channel. This was a 
strike of less than average intensity discharging no more than 19kA. 

The concept of a protective zone is undoubtedly helpful to the non- 
expert in visualizing the action of a lightning conductor, whether this be 
vertical or horizontal. However, its limitations should be clearly ap- 
preciated and its application to a tall structure is completely unjustified. 


4.4 Radio-active lightning conductors 


Considering the restricted distance over which a lightning conductor can 
be expected to attract to itself a downward leader stroke, it is not surpris- 
ing that attempts have been made periodically to increase the attraction 
exerted by a lightning rod. For this purpose radio-active material has 
been fitted below the tip of a lightning rod and the claim has been ad- 
vanced that such a rod of 2m height installed on a flat roof would protect 
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95m 


230m 


Fig. 20 Lightning strike to platform of Palace of Culture and Science in Warsaw 
(Maksiejewski, 1963) 


a circular roof area of 250m radius (Berio, 1970). This claim has since 
been examined both experimentally and theoretically. 

Two pairs of lightning rods of the same height were installed by 
Muller-Hillebrand (1962) in Sweden and Switzerland, one rod of each 
pair being a simple vertical conductor, the other being fitted with a com- 
mercially available radio-active tip. The point-discharge currents which 
were discharged through these conductors were then measured. The re- 
sults of these tests are reproduced in Fig. 21 in which the current ampli- 
tudes are plotted against the electric field strength recorded at the points 
of installation. 

It may be recalled from Section 2.3 that the fine-weather field strength 
of the earth is 100 V/m and that this may be increased to 20k V/m under a 
charged thundercloud. From Fig. 21 it will thus be seen that the point- 
discharge current of a radio-active lightning rod is of the order of 107° A 
in a fine-weather field while no measurable current is discharged through 
the conventional rod. However, as a thundercloud approaches and the 
electric field strength increases to 1000 and 2000 V/m the conventional 
rod reaches the same current magnitude as the radio-active rod and then 
begins to exceed it. This feature is explained by the suggestion that the 
radio-active tip is surrounded by a positive space charge by which further 
emission is reduced. The point-discharge and, later, streamer currents 
flowing through an earthed conductor under the influence of an 
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approaching lightning leader stroke (Section 2.3) exceed the values 
quoted by several orders of magnitude and it was therefore concluded by 
Muller-Hillebrand that radio-active lightning rods are incapable of influ- 
encing the path of a lightning discharge. The same result was obtained 
from laboratory tests (Baatz, 1972) with switching impulses. 

A particularly disturbing aspect of this problem was raised by the 
medical profession (Roberts et al, 1966). It was pointed out that a typical 
radio-active source used for therapeutical purposes exceeded that of a 
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Fig. 21 Variation of discharge current with electric field strength for radio-active 
and conventional lightning conductors (Miiller-Hillebrand, 1962) 

radio-active rod by a factor of some 5x 10°. As the former are period- 
ically directed towards the roof of the therapy room, they would intro- 
duce an extremely serious lightning hazard, if the claims made for the 
much weaker radio-active rods were justified. Fortunately there is no 
evidence to suggest that therapeutic rooms in hospitals are struck more 
frequently than other structures in the same region. 

In view of the seriousness of the question raised by the medical profes- 
sion the problem was further examined theoretically from principles of 
electric-field theory and by calculating the conductivity of the cone of 
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radiation produced by a radio-therapeutic source (Cassie, 1969). Adopt- 
ing the values for the striking distances plotted in Fig. 14 it was found that 
these would be reduced by 6cm for negative and 10cm for positive 
strokes by the radio-therapeutic source quoted. This reduction being 
negligibly small, it followed that no measurable effect is exerted on the 
attraction of a lightning stroke by the radiation produced by therapeuti- 
cal sources so that the effect of the very much weaker radio-active light- 
ning rods can be said to be completely negligible. 

In the British Code of Practice only indirect reference is made to radio- 
active rods by the statement in the Foreword that methods intended to 
increase artificially the range of attraction afforded by a lightning conduc- 
tor are excluded. The German Code is more specific by referring to 
Miller-Hillebrand’s work and stating that no worthwhile importance can 
be attached to the addition of radio-active material to a lightning 
conductor. 

While discussing the effect of point-discharge currents from a lightning 
rod, reference may be made to an old misconception, according to which 
it is the purpose of a lightning conductor harmlessly to discharge a thun- 
dercloud. Under an active thundercloud the point-discharge current of a 
single lightning rod may amount to 10uA. The charge dissipated by an 
average lightning flash is 30 coulombs. It would therefore require over 
800 hours to neutralize that charge even if all the ions produced by point 
discharge were carried into the cloud. In the words of Berger (1965) ‘a 
single strong lightning stroke can transport more charge than the point- 
discharge current of a tall tower during an entire summer’. 

It must therefore be emphasized that the sole purpose of a lightning 
conductor is to intercept a lightning stroke before it contacts a vulnerable 
part of the structure to be protected and then to discharge the lightning 
current safely into the mass of the earth. 


4.5 Frequency of strikes to a structure 


It was suggested in Section 4.2 that a lightning stroke of average intensity 
was attracted by a lightning rod over a distance of about twice its height. 
If this rule is applied to a building constructed of conducting material or 
sufficiently wetted by rain to have a reasonably conducting surface, the 
area over which lightning is attracted can be calculated and, if the density 
of earth strokes is known, the frequency of lightning strikes to the build- 
ing can be estimated. A numerical example may illustrate this method. 
Let us assume a structure of length L, width W and height H. The 
average area over which lightning can be expected to be attracted is then: 


LW+4H(L+ W)+4H?x 
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Taking L=40 m, W=25 m and H=20 m, the surface area involved be- 
comes 0-011 km7. If the building is situated in a region with 30 thunder- 
storm days then, according to Section 3.4, the frequency of earth flashes is 
between 3 and 6, say 4-5 flashes per square kilometre per annum. The 
building may thus be expected to sustain about 0-05 flash per annum, or 
one strike in 20 years. 

No adequate statistical information is available on the frequency of 
lightning strikes to buildings since not every strike causes damage. 
However, mention may be made of a housing estate in England which 
comprises. 700 unprotected dwellings of similar construction. In the 
course of 14 years four cases of damage to property by lightning were 
reported as compared with an estimate of five cases in accordance with 
the foregoing method of calculation. Similarly, the frequency of strikes to 
high-voltage transmission towers has been established over sufficiently 
long periods to state that results according to the rough calculations 
suggested above are of the correct order of magnitude, at least in temper- 
ate regions. 

It must, however, be stressed that such estimates apply only to lengthy 
periods of observation and large numbers of structures and that, further- 
more, they are subject to the laws of the statistics of small samples. To 
illustrate this aspect reference may be made to two American high- 
voltage lines (Golde, 1969) and to part of the Rhodesian high-voltage 
system (Anderson, 1969) on which the numbers of strikes to individual 
towers had been determined by magnetic-link measurements. The ob- 
served numbers of strikes are listed in Table 3, together with the numbers 
calculated according to Poisson’s law. The agreement between observa- 
tion and calculation is sufficiently close to conclude that the distribution 
of strikes is a random phenomenon. 


Table 3 Frequency of strikes to high-voltage transmission towers 


US 220kV lines Rhodesian 88 kV lines 


Number of 


times struck calculated 
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The foregoing estimate cannot be applied to very tall buildings; firstly 
because of the fact that the height of such structures exceeds the length of 
a step in a downward leader and secondly because of the occurrence of 
upward strokes. However, the evaluation of the striking distance 
described in Section 4.2 has been further developed (Horvath, 1971) and 
has led to an estimate of the relative frequency of strikes to structures of 
different heights, initiated respectively by downward and upward leaders. 
The results are plotted in Fig. 22. 
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Fig. 22 Percentage frequencies of downward and upward leaders in strikes to tall 
structures (Horvath, 1971) 


Statistical evidence on the frequency of lightning strikes to structures of 
differing heights has been assembled in Sweden (Miiller-Hillebrand, 
1960), Poland (Szpor et al, 1964) and Czechoslovakia (Popolansky, 1964). 
In these cases the number of strikes was determined from magnetic-link 
measurements over several years. Structure heights varied from about 25 
to 225m. The frequency of strikes was found to increase quite closely with 
the square of the height of the structure, a law which would confirm the 
earlier conclusion that a free-standing lightning rod, or an isolated struc- 
ture like a chimney, attracts lightning strokes over a circular area the 
average radius of which is proportional to the height of the structure. 
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5.1 Need for protection 


Lightning protection has to be provided in all cases where a lightning 
strike can cause an explosion; this problem is examined in Chapter 9. 
Protection may also be required for reasons of public safety and this 
aspect is further discussed later in this Chapter. For most structures 
neither of these considerations applies and some guidance is therefore 
required on the need for protecting a given structure. 

The question as to whether to provide protection under given condi- 
tions would seem to require an answer based on economical considera- 
tions. In countries subjected to moderate lightning activity insurance 
against damage by lightning will usually be found cheaper than the instal- 
lation of a protective system. However, in such a case economical con- 
siderations are merely transferred from the individual to the field of 
commerce. 

At first sight, the economics of lightning protection seem fairly simple. 
Let us assume that the average amount of damage is known which is 
caused by lightning to a given type of building in a given region as well as 
the average cost of providing adequate lightning protection. The annual 
amount of depreciation of the protective system must then be lower than 
the average amount spent on repair of damage, taking into account for 
both factors the effect of gradual changes in monetary values. We must 
now examine to what extent statistical information is available on the 
foregoing two factors. 

The cost of a lightning-protective system can be estimated with a good 
degree of accuracy. It is true that the cost of the materials to be used, 
mainly copper, aluminium and galvanized steel, is subject to certain fluc- 
tuations but experience shows that the cost in material is not determined 
by that of the raw material but by the various fittings. In most highly 
developed countries it will furthermore be found that total costs for 
material are greatly exceeded by labour costs. Even so, a realistic estimate 
of installation costs and their rate of depreciation can be made. 

Information on damage caused by lightning is more difficult to obtain. 
The most comprehensive information appears to have been collected by 
insurance companies or government departments in countries where 
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lightning damage is judged to be of some national importance. Statistical 
data presented are usually subdivided into losses due to fire and to 
mechanical damage. 

Fires started by lightning are most liable to arise in buildings contain- 
ing timber or thatch, a fact amply illustrated by statistics covering 50 
years and collected by the Dutch Meteorological Institute (Table 1 of the 
Dutch Code). Fires can be started either by a direct lightning stroke, by a 
side flash (Section 5.5) or by a lightning overvoltage impressed on the 
electric supply line to which a building is connected. Thus, during the 
period 1950 to 1959, an annual average of 234 fires were started in Austria 
(Tomanek, 1961), amounting to about 11 per cent of all fire losses. 
Between 1949 and 1955, 20-4 per cent of all fire losses in Bavaria (Berg- 
mann, 1956) were due to lightning, while an average of 1500 rural build- 
ings are lost every year by fire in Poland (Wlasiuk, 1967) and about 2000 
in the USA (Uman, 1969). 

In Austria the monetary losses due to fire were found to be almost 20 
times higher than those due to mechanical damage (Fritsch, 1961). Simi- 
lar results appear to apply in other countries and this may be one reason 
why statistical information on mechanical damage due to lightning is 
difficult to find. To illustrate the problem, it may, however, be of interest 
to refer to the long, fully substantiated list of such damage collected 
together in the last century by Anderson (1879). From a survey of contem- 
porary sources he found that, between 1700 and 1879, 47 churches and 
public buildings were set on fire by lightning in different parts of the 
world while 225 such buildings sustained more or less severe mechanical 
damage. 

For a statistical evaluation of the above and similar data it is necessary 
to have the number of cases of damage expressed as a percentage of the 
total number of similar buildings in the region under review and in mon- 
etary values. For some, but not all, of the data quoted this additional 
information is available and significant conclusions have been drawn 
(Bruckmann, 1961) with respect to the savings which can accrue from the 
provision of lightning protection, particularly for rural dwellings and 
farm buildings (Popolansky, 1969). 

While the economic-statistical approach can thus be accepted as useful 
when applied to rural buildings which constitute a high fire risk, its 
justification for ordinary buildings and even for modern rural structures 
must be doubted. This is due primarily to the increasing use of steel, 
reinforced concrete and prefabricated non-flammable building materials, 
not only in cities but also in the country. Even though such structures can 
be damaged by lightning, the risk of fire and mechanical damage is 
greatly reduced as compared with older structures and it will be found 
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that lightning protection for such structures cannot be justified in most 
countries of moderate to fairly severe lightning activity on purely econo- 
mical grounds. 

A strictly practical approach to this problem was first adopted in the 
British Code issued in 1965. Following an earlier suggestion by one of its 
members (Shipley, 1943), it is argued that the need for protecting a struc- 
ture depends on a number of readily definable factors and these are 
identified as: usage of structure, type of construction, contents or con- 
sequential effects, degree of isolation, type of country, height of structure 
and prevalence of lightning. A variety of conditions is specified for each of 
these factors and a numerical index value is associated with each set of 
conditions. 

The method of assessment then consists in adding together the seven 
appropriate index values. If the resulting risk index comes to less than a 
critical figure, then protection is not deemed necessary; if it exceeds this 
figure then sound reasons would have to be advanced to justify a decision 
not to protect. Danger buildings and tall chimneys are excluded since 
they must always be protected. Where fear or panic can result or where 
children, the old or the sick are involved protection may be advisable 
even where the risk index is found to be below the critical figure. 

To illustrate the British method, Table 4 shows five numerical 
examples. 

In the British Code the thunderstorm activity considered is limited to 
21 thunderstorm days per annum, a figure which is adequate for British 
conditions. For regions of greater thunderstorm activity either the 
relevant index values or the critical risk index would have to be altered if 
a significant assessment is to be made. This has been done in the 
Rhodesian and South African Codes, although in the latter the numerical 
method of assessment reverts to Shipley’s (1943) original suggestion. In 
the Indian Code, the British method of assessment is accepted in its 
entirety. 

The British method has been further developed in Australia, a contin- 
ent over which the number of annual thunderstorm days varies from less 
than 5 to 90. In contrast to the British method, the Australian scheme 
introduces an index value of zero and even a negative value. It is also 
applicable to danger structures and chimneys and the final assessment of 
risk is liberally subdivided as indicated by Table 5. 

The Dutch Code lists two classes of structure for which protection is 
respectively necessary and unnecessary and a third class in which the 
need for protection is determined according to whether the building or its 
contents have at least 2 out of 8 clearly defined characteristics. 

In other national Codes less detailed recommendations are made on 
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the need for lightning protection. The Swiss Code lists several categories 
of structures for which protection must be provided. The German Code 
specifies vulnerable or dangerous structures which are particularly prone 
to lightning strikes or where such a strike can have serious consequences. 
Similar lists are included in the Belgian and Finnish Codes in which a 
differentiation is made between structures where protection is necessary, 
recommended or optional. In the US Code the main factors, including 
personal hazards, are discussed by which a decision concerning protec- 
tion should be governed. 

A different method again is adopted in the Hungarian Code. This lists 
several classes of structures, differentiated by occupancy, usage, height, 
roofing and wall materials and degree of air pollution. With each such 
class differing degrees of protection are associated in tabular form, the 
degree of protection ranging from no protection, over various arrange- 
ments and dimensions of roof, down and earth conductors to the require- 
ments for structures involving high explosive risk. 


5.2 Design considerations 


Once a decision has been reached to provide lightning protection for a 
given building much money can be saved, in particular on modern con- 
structions, by close cooperation between architect, building operator and 
lightning-protection engineer. All too often, the lightning expert is called 
in when the building is nearing completion or when the foundations have 
been covered and concrete roads have been laid out. It will then still be 
possible to devise a satisfactory protective scheme but its cost will be 
unnecessarily high and finished construction may have to be interfered 
with. | 

The greatest possible emphasis must therefore be laid on early consul- 
tation between architect and lightning-protection engineer. This is recom- 
mended in most modern Codes of Practice. 

In Sections 7.1 to 7.3 alternative methods are discussed for executing 
the roof-conductor system, the down conductors and the earth- 
termination network which constitute the essential parts of any lightning- 
protective scheme. By advance planning and judicious utilization of 
building components a great deal of money can be saved, unsightly 
lightning-conductor components can be avoided and the degree of 
protection to building and inhabitants can be increased. 

In view of the great variety of types of construction and newly 
developed building methods it would be impossible to list all the design 
factors which require consideration but the items mentioned in the differ- 
ent national Codes can be conveniently summarized as follows. 
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Drawings are required to show the’ positions of all extensive metal 
parts to ensure that these can either be readily bonded to the protective 
system or can be adequately isolated from it to avoid the risk of side 
flashing (Section 5.5). This must include such items as metal cladding, 
curtain walling, metal staircases, banisters, railings, electricity and tele- 
phone cables, gas pipes, water pipes and air-conditioning ducts. 

The metals to be used, particularly on the surface of the structure, are 
to be specified so that the most suitable material for the lightning- 
conductor system can be selected with a view to minimizing the risk of 
corrosion (Section 6.3). 

The positions of other buildings, fences or trees adjacent to the 
proposed structure are to be shown, together with any overhead connec- 
tion to electricity supply lines so that their effect on the lightning-protec- 
tive system can be assessed. 

Drawings should show the design, levels and weather proofing of the 
roof. Salient features should be indicated, such as penthouses, water 
tanks, motor rooms, ventilating plant, flag masts, metal posts for 
hanging-up washing and, very important, television and radio aerials. 

Where metal roofs or roof coverings are foreseen, their suitability for 
the purpose of lightning protection should be examined and where they 
are discontinuous means should be devised to secure efficient bonding 
between adjacent sections. 

The positions should be shown of all large metal parts attached to the 
roof so that bonding can be effected. This should include rails for cleaning 
carriages, gutters and rain pipes, banisters and hand rails. — 

Provisions should be made, where appropriate, for subsequent bonding 
to steel frame or reinforced concrete and weather proofing of connections 
should be agreed. 

With a view to preventing side flashing, the exact positions of all metal 
services below the roof must be known, namely electricity cables, gas and 
water pipes, or ducts for air-conditioning. 

As is shown in Section 7.2 considerable savings in the expense of a 
lightning-protective system can be effected, particularly on large buildings 
of modern construction, by utilizing a steel frame, reinforced concrete or 
metal cladding in place of separate down conductors. Provision for such 
usage must be made in the design stage. 

Where separate down conductors have to be installed their number 
and positioning should be determined and provisions should be made for 
bonding connections. Their arrangement should be examined with a view 
to securing minimum impedance of their paths. Deep re-entrant loops are 
to be avoided. 

The positions of test points (Section 7.5) must be determined so as to 
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ensure easy access while, at the same time, reducing the risk of malicious 
interference. 

The number and disposition of earth electrodes is to be agreed and, if at 
all possible, their installation in virgin soil—in contrast to made-up 
ground — should be determined on the basis of preliminary earth- 
resistivity measurements (Section 11.2). 

The positioning should be discussed of all buried metal services, 
namely sheathing, armouring or piping for electricity, gas, telephone, 
steam, compressed air or other services, so that these can be conveniently 
bonded to the lightning-protective system at, or near, the point of entry 
into the building. 

Where earthing conductors are forced to penetrate the water-proofing 
membrane of a building appropriate precautions have to be taken. 

The importance of the foregoing recommendations and, in particular, 
the question of bonding or isolation of metal parts, are discussed fully in 
later Chapters and in particular in Section 7.3. 

Once the construction of a new building has been commenced care 
must be taken to ensure that all large metal parts are effectively connected 
to earth. This should include such items as cranes, steel girders and 
scaffolding. Workmen should be instructed either to interrupt certain 
building operations on the approach, and during, a thunderstorm or 
should be warned that no large metal part should be touched until it has 
been connected to earth. If such a precaution is not taken a workman can 
receive a dangerous electric shock even as the result of a lightning stroke 
to an adjacent site (Section 5.5) with consequent risk of a serious accident. 

As the construction progresses, all components of the lightning- 
protective system should be inspected by an expert. An expert, according 
to several Codes, is a person who is familiar with all relevant regulations 
and who has practical experience in the protection of structures; accord- 
ing to the Swiss Code he may also be a scientist with expert knowledge in 
lightning problems. Particular attention should be paid to checking the 
resistance of each individual earth electrode and the electrical continuity 
of all component parts of the protective system. The methods of testing to 
be adopted are usually governed by national recommendations but the 
Dutch Code specifies in considerable detail the resistance measurements 
which should be applied to buildings of different types of construction. 

Practical experience shows unfortunately all too often that, while a 
satisfactory protective system can be readily provided for a new structure, 
additions and alterations in later years introduce hazards which have 
been known to lead to serious accidents. In order to reduce this risk 
accurate records should be kept of all details of the original installation, 
together with test results. Any later alterations or repairs should be 
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entered in these records which must also contain the name and address of 
the person or organization responsible for the maintenance of the instal- 
lation (Section 11.3). 


5.3 Thermal considerations 


The lightning leader stroke has a narrow central core, surrounded by a 
much larger corona envelope. The current flowing in the subsequent 
return stroke is largely concentrated in the core of the leader channel. The 
diameter of this core is of the order of one to two centimetres and its 
maximum temperature has been estimated to amount to 30000K or 
more. It is true that this enormous temperature is maintained for several 
microseconds only (Orville, 1968) but, even so, it might be assumed intui- 
tively that its thermal effects on any material struck would be disastrous. 
This assumption will be seen to be largely fallacious. 

So far as lightning protection is concerned the thermal effects of a 
lightning stroke must be examined under three headings: the resulting 
temperature rise of a lightning conductor, the risk of penetration of a thin 
metal sheet and the effects of a strike to a poor conductor or an insulating 
material. 

If a unidirectional current of amplitude i is discharged through a metal 
conductor its temperature rise is proportional to the product i*t. As 
shown in Section 3.3 the maximum value of \i2/dt recorded so far is 
10’A?s. In calculating the temperature rise of a conductor of given cross- 
sectional area heat dissipation can be neglected because of the extremely 
short duration of intense current flow. On the other hand, and for the 
same reason, the skin effect and the temperature variation of the resis- 
tance of the conductor have to be taken into account. 

Calculation of the heating of copper conductors of different cross sec- 
tion leads to Fig. 23 (Golde, 1968). For a value for Ji7¢dt of 107A’ it will 
be seen that the temperature rise of copper conductors of 30 to 50mm? 
cross section, as specified for most lightning conductors (Section 6.1), is 
quite moderate. For aluminium the temperature rise can be estimated to 
reach about 1:5 times the values indicated in Fig. 23. It can thus be 
concluded that, so far as copper and aluminium are concerned, the 
recommended dimensions of a lightning conductor are not determined by 
thermal considerations. 

Where galvanized steel is used, small-diameter wires are sometimes 
recommended in order to reduce installation costs; this feature is further 
discussed in Section 7.9. The temperature rise of steel conductors is 
plotted in Fig. 24 (Berger and Vogelsanger, 1965), with the corresponding 
curve for copper added to it. From these curves it is concluded, again 
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Fig. 23 Temperature rise in copper conductors of varying cross section as function 
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assuming a value of 10’A’s, that the galvanized steel conductors of 
56mm? cross-section permitted by the Swiss Code will be raised to a 


maximum temperature of 140°C which is readily acceptable. 


There is one other aspect of heat dissipation which requires considera- 
tion. This is the case of a lightning current, or part of it, being discharged 
through a high-resistance joint such as may result from a poor contact 
between two conductors. Because of the heat generated, heavy sparking is 
likely to result and this possibility has to be taken into account when 
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Fig. 24 Temperature rise in copper and steel conductors (Berger and Vogelsanger, 
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considering the use of overlapping metal sheets, corrugated roofs and 
other similar constructions. 

The risk of penetration is of practical importance both with respect to 
the thin metal foils which are sometimes used as roofing material for 
buildings and the skin of some modern aircraft. If a lightning current i 
contacts a metal surface, the thermal energy developed at the point of 
strike is given by ujidt = ug, where u is the anode drop which amounts to 
about 15V and q is the charge associated with the lightning current. It 
would thus appear that the amount of metal melted is proportional to the 
charge in the lightning current. 

The foregoing conclusion was confirmed by tests (Hagenguth, 1949) 
undertaken during World War II to explain the occasional puncture of 
1-stainless steel 0:25 mm (10 mil) 
2-galvanised iron 0:38 mm (15 mil) 
3-copper 0:51 mm (20 mil) 
4-stainless steel 1:02 mm (40 mil) 
5-aluminium 1:30 mm (51 mil) 
6-aluminium 2:54 mm (100 mil) 
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Fig. 25 Relation between charge and size of hole burned in metal sheets 
(Hagenguth, 1949) 


aircraft fuel tanks. For the metals investigated it was found that the type 
of metal has little influence on the size of hole and that its size in square 
millimetres is given by: 
25:3qd~°°°°mm? for thicknesses of d = 0 to 0-9 mm (5) 
and 24-S5qd°*°*mm? for thicknesses of d = 0-9 to 3-8 mm 


The test results are reproduced in Fig. 25. 

In Section 3.3 it was stated that a charge of 400 coulombs or more can 
be discharged in a severe lightning flash. Assuming that the curves in Fig. 
25 can be safely extrapolated it would appear that large holes can be 
burnt in thin metal sheets and this has indeed been confirmed by examin- 
ation of the nickel-plated copper sphere on top of a radio mast in Nash- 
ville, Tennessee, and other similar metal objects (McEachron and 
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Hagenguth, 1942) as well as the puncture of aircraft skins which will be 
further discussed in Section 9.5. On the other hand, it can be deduced 
from Fig. 25 that the amount of metal likely to be molten even by a severe 
lightning discharge to a lightning conductor of usual dimensions is fairly 
moderate and this is again confirmed by practical experience. 

In contrast to the results above it has since been reported (Brick, 1968) 
that puncture of a thin aluminium skin is not uniquely determined by the 
charge in a lightning flash but is also a function of the duration of current 
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Fig. 26 Relation between charge and time-to-puncture of aluminium sheets of 
different thicknesses (Brick, 1968) 


flow. Test results obtained on an aluminium sheet are shown in Fig. 26. It 
must therefore be concluded that the mechanism of metal puncture re- 
quires further elucidation (James and Philpott, 1971). 

The related problem of the temperature rise of a metal container con- 
taining flammable liquids is mentioned in Section 9.1. 

When lightning strikes an insulating material or a poor conductor the 
point of contact will be raised to a high temperature and penetration can 
result. Thus clean holes of one or two centimetre diameter have been 
punched through panes of glass by natural lightning discharges (Uman, 
1964). If the insulant contains a trace of moisture or some other conduct- 
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ing material the lightning current will flow preferentially along the path of 
best conductivity. The moisture can then be converted into steam and the 
resulting pressure can cause explosive fractures. Examples of this phen- 
omenon are the rupture of a brickwall, the blasting of a block of concrete 
or the destruction of an old Greek marble column. As an illustration of 
the forces involved the case may be mentioned of an exceptionally power- 
ful flash which struck rocky ground, furrowed 250m along the interstices 
between the rocks and dislodged 70 tonnes of rock and soil; the explosive 
effect is stated in the South African Code to be equivalent to that of 
250kg of TNT. The same feature is responsible for the delamination 
of laminated plastic structures such as are used in aircraft. All these 
aspects are further discussed in later Chapters. 

Yet another facet of the thermal effect of lightning is its ability to ignite 
flammable material, such as timber or thatch. The risk of this happening 
is mainly determined by the duration of current flow since heat has to be 
applied to such a material for a certain minimum time before it is set 
alight. Fires are therefore caused primarily by lightning currents with 
comparatively long tails (Section 3.3). This type of stroke is often referred 
to as ‘hot’ lightning — in contrast to ‘cold’ lightning by which the purely 
impulsive components of a lightning flash are described — but considering 
the extremely high temperature of the lightning channel these terms seem 
more picturesque than significant. 


5.4 Mechanical considerations 


The mechanical effects of a lightning discharge are twofold. They concern 
the shock wave produced by the return stroke and the bending forces 
exerted on conductors through which a lightning current is discharged. 

As mentioned in Section 5.3 the lightning channel may be raised to a 
temperature of 30000 K or more in a matter of a few microseconds. As a 
result, the air surrounding the channel has to expand at an extremely 
rapid rate and this produces a pressure wave which is initially in the 
supersonic range. Fig. 27 shows how this pressure wave is propagated 
from the central core of the discharge channel (Hill, 1972). This pressure 
wave is not only responsible for thunder but also for the widespread 
lifting of tiles on the roof of a building which is frequently experienced 
after a direct lightning strike. It also accounts for certain injuries to 
people which are discussed in Section 12.1. 

Two parallel straight conductors sharing in the discharge of a lightning 
current are subjected to an attractive force the magnitude of which is 
proportional to the square of the current and inversely proportional to 
the distance between them. Components of a lightning-conductor system 
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are never placed in such close proximity as to be noticeably affected by 
these forces but they are responsible for the fusing of stranded conductors 
and for squashing hollow conductors (Blumhagen, 1962), such as the 
conduits of electrical house installations. 

There exists one other mechanical force which needs mentioning. 
Assume a protective installation in which a lightning conductor has to 
follow a right-angle bend on a building. When such a conductor has to 
discharge a lightning current it will be subjected to a mechanical force 
which tries to straighten it and thus to bend it outwards. The magnitude 
of this force is proportional to the square of the current amplitude but, 
even if this reaches 200kA, the force can be shown not to exceed a few 
thousand kilograms. 


pressure, atm 


radius, cm 
Fig. 27 Development of pressure from lightning channel (Hill, 1972) 


Such a force need not be feared to cause mechanical damage to a 
conductor of usual cross-sectional area provided its bending radius is not 
too small. In other words, sharp rectangular bends should be avoided and 
conductors should be securely fastened to the wall at short distances on 
either side of a sharp corner. 


5.5 Electrical considerations 


No effect of a lightning strike to a structure has attracted more attention, 
in the last decades, than the so-called side flash. Its theoretical aspects 
have been examined repeatedly in the technical literature, its dangers 
have been illustrated by scores of cases, its prevention is clearly discussed 
in every national protective Code and yet failure to apply the necessary 
precautions has been responsible for the bulk of all incidents in which a 
‘protected’ building has been damaged or a person in such a building 
injured. 
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In order to illustrate the principle of the conditions leading to the risk 
of a side flash a simple case may be examined with reference to Fig. 28. 
The illustration shows the outlines ofa domestic building with a lightning 
conductor protecting the chimney which constitutes the highest point. In 
the loft is a water tank which is fed through a metallic water pipe which, 
in turn, is connected to a metallic main buried in the ground. 


lightning conductor 


———— waterpipe 


Fig. 28 Lightning strike to house and lightning conductor and independently 
earthed water system 


Let us now assume that the lightning conductor on the chimney is 
struck by a lightning current of amplitude i. The current is then dis- 
charged along the roof conductor, the single down conductor and into 
the earth electrode. This path constitutes an inductance L while the im- 
pedance of the earth electrode may be described by its effective earthing 
resistance R. The top of the lightning-protective system is thus raised to a 
potential with respect to true earth which is given by: 


u=iR+ Ldi/dt (6) 


For the purpose of a numerical estimate we may assume an intense 
lightning current of crest value i= 100kA and an earthing resistance of 
R = 10Q. The inductance of a single vertical conductor is about 160 LH 
per 100m and the rate of rise of the front of the lightning current (Section 
3.3) may be taken as 50kA/us. If the height of the chimney above ground 
is 10m, the top of the lightning conductor is raised to a potential with 
respect to true earth which amounts to: 


u=10°x 10+107!x 16x 107*x 5x 10*x 10° V 
= 10°+8 x 10° V. 


The phase relationship between the first (resistive) and second (induc- 
tive) terms is discussed in Section 7.6. To simplify matters in the present 
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context let us assume that the two terms can be added algebraically. It 
then follows that the top of the lightning conductor is raised to an instan- 
taneous potential with respect to true earth of the order of 1-8 MV. In 
contrast, the water tank remains at earth potential even when the house is 
struck so that the potential difference of 1:8 MV is suddenly impressed 
between the lightning-conductor system and the water tank. If the electric 
breakdown strength of the clearance D is less than that potential differ- 
ence an electric breakdown occurs from the lightning conductor to the 
water tank; and this is termed a side flash. 

Alternative suggestions for calculating the potential at the top of a 
building under the impact of a lightning strike, various methods to 
reduce the potential, the recommendations adopted by different national 
Codes and other aspects of the side flash are examined in Section 7.6. 
Examples of damage to structures and injury to people attributed to side 
flashes will also be given. In the present context it may merely be added 
that Fig. 28 describes in fact the case of a valuable old residential property 
in the south of England which had been fitted with an efficient lightning- 
conductor system with several down leads. Years later the water tank in 
the loft was replaced and the run of the water pipes was so altered as to 
reduce significantly the clearance D. As the result of a lightning strike a 
side flash occurred to an overflow pipe in the loft of the building, a fire 
was started and extensive damage was caused. 

The occurrence of this side flash could have been avoided if the water 
tank had been connected to the lightning-conductor system by a metallic 
conductor. Such a connection is termed bonding. Part of the lightning _ 
current would then have been discharged through the water installation 
but this would have had no noticeable effect on the installation, the 
building or a resident in it. | 

A side flash is not only possible between metal masses above ground 
but it can also occur below ground. Let us assume a building with a 
lightning-protective system having an earthing resistance of R = 10Q. 
Metallic service pipes, gas or water, and sheathed electric cables may be 
taken to be buried in the ground and the closest distance between one of 
these service pipes and the earth electrode of the lightning-protective 
system may be D. Assuming again a lightning stroke of 100kA to the 
lightning conductor, its earth electrode is raised to a potential of: 


u=iR=10°x10=10°V (7) 
Thus, if the electric breakdown strength of the soil along D is less than 


1 MV, a side flash must take place from the earth electrode through the 
soil to the nearest service pipe. 
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70m 


Fig. 29 Sketch of lightning strike to pine tree with underground ‘side flash’ to 
electrical house installation (Miiller-Hillebrand, 1957) 


Visual evidence of such an event is not easy to obtain but a related 
instance is illustrated in Fig. 29 (Miiller-Hillebrand, 1957). The pine 
standing at a distance of 70m from the building was struck by lightning, 
suffering merely superficial damage. The track then followed by the 
lightning current was clearly visible in the form of a trench of soil which 
had been thrown up over a distance of about 50m and which ended at a 
metallic fence from which the current had proceeded to. the electrical 
installation in the house which was damaged in various parts. This side 
flash through the ground is explained by equation (7) in which R repre- 
sents the effective resistance of the root system of the tree. The danger of 
tall trees to adjacent buildings is recognized in several Codes and is 
discussed in Section 10.6. 


Fig. 30 Risk of side flash to farmer carrying pitch fork 
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There are other conditions under which side flashes can occasionally be 
produced but only one is now mentioned because of its relevance to the 
protection of persons. Fig. 30 shows a corrugated iron roof on timber 
supports as it may be used for open storage on a farm. When a lightning 
leader stroke develops in the near vicinity, the metal roof is raised to a 
potential u, with respect to earth which is given by: 


Ce 
hs SSS =e 
VC ae 


where u, is the potential of the leader channel to earth and C, and C, 
constitute the capacitances indicated in the sketch. If a farmer carrying a 
pitch fork uses this shelter during a storm the potential difference between 
the roof and the man with his pitch fork may well be sufficient to cause a 
side flash even without the shed being struck. This risk could clearly be 
avoided if the metal roof was effectively earthed. 

This phenomenon is illustrated by the experience of Sir Basil Schon- 
land (1964) who cut down a small thorn tree and mounted it on insulators 
for the purpose of recording point-discharge currents (Section 2.3). When 
the upper part of the tree was not connected to earth it ‘gave most 
unpleasant sparks if touched by the hand’. 

It was Clerk Maxwell (1876) who first pointed out the use of the con- 
cept of the Faraday cage for lightning protection. A Faraday cage is an 
all-metal ‘closed’ structure which has the interesting property that its 
interior remains unaffected by external electric fields. If such a body is 
struck by lightning no potential differences are produced in its interior so 
that the risk of side flashes is eliminated. An all-metal aircraft constitutes 
a Faraday cage and so does, in effect, an all-metal car. It is shown in 
Section 7.2 that the principle of the Faraday cage can also be applied to 
the protection of many buildings of modern construction although, in 
such cases, particular care must be taken to prevent the transmission into 
the cage of any atmospheric overvoltages through electric cables connect- 
ing the inside of the building to the outside world. It is interesting to note 
that even this risk was already foreseen by Clerk Maxwell in his address 
to the British Association in 1876. 


Un = 


6 Materials and Dimensions 


6.1 Conductors for use above ground 


It has been shown (Section 5.4) that, with rare exceptions, the cross- 
sectional area of a lightning conductor is not so much determined by 
thermal considerations as by its durability. In practice, the useful life of a 
metal in contact with the atmosphere is largely governed by its resistance 
to corrosion. 

The choice of metal for roof and down conductors recommended in 
various national Codes seems to be primarily dictated by tradition which, 
in turn, is largely influenced by the availability and cost of different 
materials. Thus, while copper, aluminium and galvanized steel are now 
accepted in all Codes, strong preferences are clearly discernible in some of 
the comments and in the technical literature. 

Copper should be of the grade which is normally specified for electrical 
equipment, that is, it should have 98 per cent conductivity when annealed. 
It can be used in the form of strip, rod, tube or stranded material, 
although stranded copper is not always deemed acceptable for down 
conductors, e.g. in the Austrian and British Codes. In the latter, 
phosphor-bronze rod is also recommended for roof conductors. Copper- 
clad steel is also included in the German Code and the South African 
Code makes reference to brass strips, rods and tubes. It is self-evident that 
copper or its alloys should not be used on a building with many alumin- 
ium fittings, e.g. for roofing, metal cladding or curtain walling. 

The use of aluminium conductors for lightning protection has been 
greatly extended in recent years, particularly following the widespread 
introduction of aluminium for constructional or ornamental purposes. 
Strips, rod and stranded conductors can be used although stranded 
material is not recommended for down conductors in Britain and is 
excluded altogether in the German and Swiss Codes. In the latter Code 
attention is furthermore drawn to the special need to install aluminium 
conductors with sufficient latitude for expansion and contraction so that 
fracture is prevented even at the lowest temperature liable to be 
encountered. 

Rainwater running or dripping off a copper conductor has a strong 
corrosive effect on some metals, such as zinc or lead, which are occa- 
sionally used on buildings as ornaments, gutters or rainwater pipes. This 
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is one of the reasons, apart from its lower cost, for the preference for 
galvanized steel as lightning-conductor material in several countries on 
the continent of Europe. Its slightly poorer weathering properties, 
compared with copper, can be overcome by suitable coating. 

Galvanized steel must be of a quality specified for electrical purposes in 
different countries. The zinc coating required has been given as not less 
than 350 g/m? for conductors of 8 mm diameter and 450 g/m? for conduc- 
tors of 10mm diameter (Dehn, 1965). Galvanized-steel conductors are 
treated as equivalent to copper and aluminium in almost all Codes 
although in Britain it is only recommended where there is serious diffi- 
culty in the use of copper or aluminium. They are completely excluded in 
the Code of the American National Fire Protection Association while 
most other Codes merely exclude stranded conductors which are prone to 
corrosion. 

In most national Codes minimum dimensions are specified for light- 
ning conductors to be used above ground. In some cases, these are ex- 
pressed in actual dimensions which may, or may not, be standardized; in 
other cases minimum cross-sectional areas are merely recommended. The 
values quoted in some of the latest Codes are collected together in Table 
6. In the USA, conductor sizes are specified by minimum weight for unit 
length and the values listed in Table 6 are metric equivalents. 

As will be seen from Table 6, there are notable differences in the mini- 
mum dimensional values which are regarded as acceptable in the various 
countries and there are even differences of opinion on the respective 
cross-sectional areas of copper and aluminium conductors and the admis- 
sibility of stranded galvanized steel conductors. There seems little doubt 
that, as far as technical considerations are concerned, prevalence of corro- 
sion in individual countries constitutes the major factor on which nat- 
ional recommendations are based. | 

Preferences for the use of strip, rod or stranded conductors are ex- 
pressed in some Codes and these are indicated by Table 6. In the British 
Code it is mentioned that rod may sometimes be found more convenient 
to use than strip because it enables bends to be made in any plane with 
equal facility. 

Other components used in a protective system, such as castings, sup- 
ports, fasteners and clamps should, as a general rule, be made from the 
same material as the conductors themselves. Castings may also be made 
of leaded gunmetal or aluminium alloys. Copper, bronze or galvanized 
steel may be used for supports; where necessary, precautions have to be 
taken to prevent corrosion. In the German Code supports made from 
synthetic materials are specifically mentioned. 

Fixing bolts and screws are almost invariably standardized. For copper 
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conductors, phosphor bronze, naval brass and copper-silicon are recom- 
mended. For aluminium and galvanized steel conductors stainless steel or 
suitable aluminium alloys are to be used. 

Bonding connections above ground can either be solid or flexible. The 
same material must of course be used as for the roof or down conductors 
in any given installation and the same dimensions should also be chosen. 

The components considered so far may, on occasion, have to discharge 
the full current in a lightning discharge. This is not the case for internal 
bonding connections which have the sole purpose of equalizing the poten- 
tials of adjacent metal bodies inside a building while a lightning current is 
discharged through the lightning-protective system. According to the Bri- 
tish Code such internal bonding connections may be given half the cross- 
sectional area of that of the main conductors. 

Where components or fittings of metals other than copper, aluminium 
or galvanized steel are employed in the protective system their cross- 
sectional area must be at least equivalent to the values listed in Table 6, 
taking into account their respective specific resistivities. 


6.2 Conductors for use below ground 


The selection of the material to be used for earthing purposes is governed 
primarily by the nature of the soil. The two main factors to be considered 
are risk of corrosion and hardness of the ground. 

Aluminium is unacceptable for use below ground because of its poor 
resistance to corrosion and it is excluded in all Codes. The resistivity to 
corrosion of copper and galvanized steel has been examined in life tests 
extending over many years in widely differing types of soil. According to 
one such investigation (BSI ‘Earthing’, 1965) the average weight loss of 
copper was found to amount to 0-2 per cent per annum as compared with 
a value of 0:5 per cent for galvanized steel. On the other hand, galvanized 
steel conductors have been found to be satisfactory after 25 years in a 
variety of soils, with the exception of peat (Koch, 1955) and in the vicinity 
of concentrations of animal manure. 

Hard-drawn copper conductors are recommended in the British Code 
with phosphor-bronze rod for hard soil and copper-clad steel for the 
hardest ground, excluding rock. In Holland copper-clad steel is the 
preferred material. In most other Codes galvanized steel and copper are 
regarded as equally acceptable. Nevertheless a strong tendency is no- 
ticeable towards the greater use of galvanized steel. This trend is mainly 
due to the widespread installation of steel components underground, in 
particular in cities and industrial plants. If such steel components are 
buried anywhere close to a copper earth electrode the steel is subjected to 


Materials and Dimensions 65 


corrosion. The degree of corrosion depends on the salinity of the soil or 
the presence of other electrolytes. In highly aggressive soils copper must 
be used or, under the worst conditions such as the neighbourhood of 
dung heaps, lead-covered copper has to be employed. 

The minimum dimensions for earth conductors to be found in certain 
Codes are collected together in Table 7. 


Table 7 Minimum dimensions for conductors below ground in millimetres 
unless otherwise stated 


Cross- ee Strip 
mm? 


Metals exposed to certain types of air pollution are subject to corrosion 
(Shreir, 1963). This risk is most pronounced in the presence of sulphuric 
components so that areas in which large amounts of heavy oil are burnt 
are particularly dangerous. 

Furthermore, when two dissimilar metals are in contact in the presence 
of an electrolyte or when they are buried in conducting soil, corrosion 
develops on that metal which is electro-negative with respect to the other. 
Of the metals used for lightning protection, the most electro-negative is 
zinc and this is followed successively by aluminium, iron and steel, lead, 
brass and copper. Both above and below ground, water or moisture can 
act as an electrolyte and electrolytic action can be enhanced by water- 
soluble impurities either in the air or in the soil. 

For the above reasons, the use of dissimilar metals should be avoided 
as far as possible. Stranded metal is also more likely to be attacked by 
corrosion than solid conductors and stranded aluminium and galvanized 
steel are therefore excluded in some national Codes as mentioned in 
Section 6.1. As zinc and aluminium are particularly susceptible to corro- 


Country 


Australia 
Austria 
Finland 
Germany 
Great Britain 
Holland 
South Africa 
Switzerland 


Cu = copper 
Fe = galvanized steel 


6.3 Corrosion 
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sion steps should be taken to prevent rainwater running or dripping on 
such metal components from a copper conductor. According to the US 
Code aluminium should also be protected from direct contact with con- 
crete or mortar where this may be alternatively wet and dry. 

Protective coating can be used to prolong the life of galvanized-steel 
conductors exposed to corrosive atmospheres. Such coatings must be free 
from pinholes, they must adhere permanently to the metal surface, they 
should resist abrasion and they should be non-flammable. Copper is least 
likely to be attacked but where a severe risk of corrosion prevails, e.g. on 
the tops of some chimneys, copper conductors should be protected by 
continuous hot-dip coating of lead and this should extend for at least 
50cm below the top. Such coating should not be removed at joints. 

The number of joints between dissimilar metals in a lightning- 
protective system should be kept as small as possible but it cannot be 
completely avoided. The most important case is that of a structure with 
aluminium lightning conductors earthed through copper electrodes since 
aluminium must in no circumstances be used underground. Connections 
of aluminium and copper must be securely and permanently protected 
against the ingress of moisture. This can be achieved by enclosing the 
joint in an inert, tenacious material, such as bitumen or a plastic 
compound. Alternatively, the jointed surfaces should be cadmium plated, 
galvanized or heavily tinned. According to the Austrian Code copper and 
steel should only be jointed with an intervening layer of lead of 2mm 
thickness. 

Corrosion constitutes a particularly high risk underground, partly be- 
cause of electrolytic properties of some soils and partly because of stray 
currents produced by direct-current railway systems or d.c. high-voltage 
transmission systems in which the earth is used as a return path. The risk 
is accentuated in large industrial installations where long lengths of steel 
pipe are buried in the ground. To counteract these effects cathodic protec- 
tion is being installed to an increasing extent. | 

The principle of cathodic protection (BSI, ‘Cathodic Protection’) is 
indicated in Fig. 31. Fig. 31 (a) shows two different metals buried in a soil 
having electrolytic properties. The anode metal, e.g. steel in the vicinity of 
a copper earthing electrode, will then be attacked by corrosion. Cathodic 
protection, as shown in Fig. 31 (b), consists in superimposing on the 
electrolytic current an auxiliary current in such a direction that the metal 
to be protected acts as a cathode. The necessary current can be provided 
either by making the auxiliary electrode AA of magnesium, which is more 
electro-negative than any structural metal likely to be used underground, 
or by supplying the current I’ from an external d.c. source. In such an 
installation special precautions have to be taken in the design of the 


Materials And Dimensions 67 


A=anode /= current 
C=cathode /’ =protection current 
AA= auxilliary anode /’’ is zero or in the 


direction shown 
Fig. 31 Principle of cathodic protection (BSI, ‘Cathodic Protection’) 


earthing system for lightning protection and these are discussed in Sec- 
tion 7.4. 


7 Protective Systems for 
Domestic, Industrial 
and Public Structures 


7.1 Air-termination network 


The air-termination network of a lightning-protective system has the 
purpose of intercepting a lightning strike and thus deflecting it from the 
fabric of the structure. This simple statement immediately raises a practi- 
cal difficulty. It is shown in Section 4.2 that the distance over which a 
lightning conductor, whatever its shape, can be expected to attract a 
leader stroke is not a constant but varies with the intensity of the dis- 
charge. The calculated distances are plotted in Fig. 14. If all lightning 
flashes were to be intercepted, a roof would have to be covered with 
so close a mesh of conductors as to make the installation not only 
extremely expensive but, to all intents and purposes, impractical. 

In these circumstances a common-sense solution has to be adopted and 
a reasonable balance has to be struck between the probability of a light- 
ning discharge bypassing a lightning conductor and the cost of the instal- 
lation. Without wishing to imply that this argument was considered by 
every Code-drafting committee when deciding on the arrangement of roof 
conductors it will be useful to keep this statistical aspect in mind and to 
remember in addition that when a lightning discharge does succeed in 
bypassing a lightning conductor its intensity, and therefore the resulting 
damage, is likely to be small. 

The practical implications of the design of a roof-conductor system 
may now be examined with reference to some practical examples. Fig. 32 
shows the simplest case of a dwelling with flat roof. Such a roof usually 
requires gutters, as indicated, and if these are of metal they need merely be 
connected together to provide a satisfactory roof-conductor system. In 
the Swiss Code such gutters or other suitable metal components are in a 
descriptive manner referred to as ‘natural’ lightning-conductor compon- 
ents. If the gutters are made of non-conducting material, as is frequently 
the case in recent years, conductors have to be fitted along the edges of 
the roof and as closely as possible to them. These are called ‘artificial’ 
lightning conductors in the Swiss Code. 
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Fig. 32 Protection of small building, utilizing gutter and rain pipe 


For a house with a sloping roof the same principle is applied and this is 
shown in Fig. 33. The chimney has its own lightning conductor which is 
bonded to the main roof system. If the gutters are metallic, a ridge con- 
ductor will be required and this has to be bonded to the gutters by two or 
four connections according to the prevalence of lightning and the size and 
value of the house. When non-conducting gutters are installed a decision 
on whether or not to fit conductors along the lower edges of the roof 
should be reached on the basis of the same considerations. The most 
detailed recommendations are to be found in the German Code in which 
various alternatives are considered in accordance with the slope and size 
of the roof. 

For very steep roofs the same Code also permits the installation of a 
ridge conductor below the roof as shown in Fig. 34. In such a case 


Fig. 33 Protection of building with sloping roof 
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additional finials have to be installed to prevent damage to the roof. This 
construction is confined to buildings with hard non-flammable roof 
construction. It is not permissible for farm buildings or dwellings in 
which the loft is used as living quarters. The conductors must be accessible 
to easy inspection. 


Fig. 34 Protection of building by lightning conductor installed in steep roof 
(German Code) 


Proceeding now to structures with larger roofs these require a mesh of 
conductors. The minimum sizes recommended for such a mesh in the 
various national Codes are listed in Table 8. It will be seen that no 
excessive differences exist in this respect in different national Codes. In 
some countries (Holland) the size of the mesh is reduced as the height of 
the building increases or (Hungary) if it is situated in a heavily polluted 


Fig. 35 Protection of large factory 
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atmosphere. In such cases the values.given in Table 8 apply to domestic 
or other buildings of normal height or situated in areas where corrosive 
atmospheres are not encountered. . 


Table 8 Maximum distance 
between parallel horizontal 
roof conductors 


Country Distances (m) 


_ Australia 
Austria 20 
Great Britain 18 
Holland 20 
Hungary 20x 30) 
Switzerland 15 


USA 


With the values listed in Table 8 in mind, a building of large roof area is 
to be fitted with a roof-conductor system as illustrated in Fig. 35. The 
same general arrangement would be used for large roofs whether these 
are flat or sloping. However, for roofs with profiles involving considerable 
differences in height, such as shown in Fig. 35, a decision has to be made 
on whether valley conductors are required in addition to the ridge con- 
ductors by which the highest parts of the structure are protected. In the 
British Code it is suggested that for each metre difference in height, 
the normal mesh size can be increased by 1 m. 

With a view to reducing the cost of a lightning-protective system a 
further relaxation is introduced in the British Code for buildings of 
greatly differing heights. Thus, as shown in Fig. 36, part of the lower 
structure is deemed to be protected by the higher part of the building and 
a roof conductor system is required on that part of the lower section only 
which is outside the conventional protective zone of the higher building. 
No similar relaxation appears to have been considered in any other nat- 
ional Code. This is shown by several illustrative examples in certain 
Codes which indicate that the lower section of the building in Fig. 36 has 
to be fitted with a complete roof-conductor system as outlined in the 
preceding paragraphs. Such a decision is clearly affected by the 
prevalence of lightning. 

It has been assumed implicitly so far that the roofs are constructed 
from non-flammable insulating material. Most conventional and modern 
materials belong to this category but, in cases of doubt, this property 
should be checked by subjecting a test specimen to an electric arc 
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produced by the discharge of a current the wave shape of which is re- 
presentative of a severe lightning current with a long tail. To give only one 
example, a series of such tests was applied to a specimen of modern 
roofing material incorporating a layer of asphalt on felt. It proved pos- 
sible to produce a tiny flame; however this was quickly extinguished even 
in the absence of wind or rain and the particular material was therefore 
considered to be acceptable. However, other backing materials may have 
different properties and it is well to heed the warning in the Austrian Code 
that a small flame, once started, can rapidly envelop a large roof area. 
Metal-clad roofs were not only used extensively in former times for 
churches and other public buildings but, in different forms, have assumed 
new importance in modern constructions. In no circumstances is it per- 
missible to leave such roofs unearthed since, otherwise, side flashes to 
internal metal are bound to occur either as a result of a direct strike to the 
__— non-metallic flag staff 


Fig. 36 Protection of large steel-frame building 
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roof or even following an earth flash near the building (Section oho) bee Ke 
what extent such metal roofs can be accepted in place of roof conductors 
depends on their thickness and material. 

Lead or copper roofs as used on old buildings are of such substantial 
thickness that they are fully adequate for lightning-protective purposes. 
The same applies to corrugated iron roofs provided the individual sec- 
tions overlap and are connected together electrically at frequent intervals 
by bolting, riveting or any equivalent method. Even then, formation of 
sparks as the result of a lightning strike cannot be avoided and cor- 
rugated metal roofs should not be used where sparking can cause an 
explosion. 

Modern roofing techniques employ metals, mainly copper and alumin- 
ium, of much less thickness. The thermal effects of a lightning strike to a 
metal surface are discussed in Section 5.3. It has been seen there that 
penetration of metal sheets of 1mm thickness or more must be expected 
on the occurrence of a severe lightning strike. For reasons of economy 
such damage must be accepted, provided it occurs infrequently. For- 
tunately, the necessary repair costs would be moderate. However, a lower 
limit for the thickness of the material to be used must be set and in the 
German Code this is specified as 0-3 mm for copper and 0:5 mm for other 
materials. As far as is practicable no protective coatings should be 
employed since tests, in particular in connection with aircraft compon- 
ents, have shown (Burkhard, 1966) that a lightning strike to a clean metal 
surface is moved about under the magnetic influence of the current 
whereas this tendency is greatly reduced, or is completely absent, on 
coated surfaces. On aluminium sheets this effect cannot be avoided since 
its inherent oxydization has the same tendency for the electric arc to stick 
or ‘hang on’. 

Metal coverings of a thickness as considered so far can therefore be 
used as roof conductors but special attention will have to be paid to 
electrical continuity, particularly on large roofs, where measures have to 
be taken to deal with the expansions and contractions caused by tempera- 
ture variations under extreme weather conditions. Flexible connections 
between adjacent panels may therefore be required and these can take the 
form either of stranded conductors or of suitable metal strips of the same 
cross-sectional area as specified for normal lightning-conductor material. 
The same treatment has to be applied to shaped metal strips used in 
modern constructions as edging material for roofs. 

As has already been mentioned thin metal sheets can occasionally be 
punctured by a lightning discharge and the surrounding area will be 
raised to a high temperature. Such sheets should therefore not be used on 
a backing material which is highly flammable. 
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Caution is of particular importance for roofs with metal foils, where a 
thickness of 0:1 mm is not uncommon. A lightning strike to metal of this 
thickness will not only burn a large hole but, because of its mechanical 
effect (Section 5.4), can cause large areas of foil to be torn and ripped off. 
Metal foils should therefore under no conditions be utilized as part of a 
lightning-protective system. Instead, such roofs should be fitted, as 
a minimum requirement, with a network of roof conductors as described 
earlier in this Section. However, in view of the expense involved in repair- 
ing such a roof, including the risk of consequent water leakage through 
the roof, additional precautions are advisable. 

The adequacy of a mesh size of 20 x 20m has been justified above on 
the basis of the argument that any lightning strike bypassing such a 
system would involve a current of small magnitude. However, the temper- 
ature in a stroke of low current amplitude is still very much higher than 
the ignition temperature of many building materials and the duration ofa 
low-intensity lightning current can be just as long as that of a severe 
discharge. In some installations with metal foils it would therefore be 
prudent to reduce even further the risk of a lightning strike bypassing the 
roof-conductor system. Two such measures in combination are suggested 
in the German Code. Thus the size of the recommended network is 
reduced to 10 x 10m and, in addition, it is suggested that, at preferential 
striking points, such as roof corners or on the ridge of a roof, the roof 
conductor be bent upwards every 5m to form in effect a vertical finial of 
about 10cm height. 

In all the protective systems considered so far, horizontal roof conduc- 
tors are being used and these methods are indeed recommended in most 
national Codes. Vertical lightning rods in these Codes are confined to 
church steeples or similar pointed structures. However, in certain other 
Codes these are recommended in a variety of forms. 

Vertical lightning rods, superimposed on a system of horizontal roof 
conductors, are recommended in the Codes published in Australia, 
Belgium, Holland (for house chimneys only) and Hungary. The heights 
recommended for the rods vary between 15 cm in Belgium and 46 cm 
(18 in) in Australia while the heights of the rods and the distances 
between them are varied in the Hungarian Code according to the size 
and importance of the building. 

In the American Code chief reliance is placed on vertical lightning rods 
installed on roofs while in South Africa tall, free-standing masts are 
recommended for small dwellings, particularly in rural areas. If a single 
such mast is adopted a protective angle of 45° is assumed, if two masts are 
employed the protective angle between them is taken as 60°, as illustrated 
in Fig. 37. 
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Whatever method of roof protection is adopted, all metal parts in- 
stalled on, or fixed to, the roof must be bonded to the lightning-protective 
system by the shortest possible connection to avoid side flashing. This 
imperative rule is not only intended to prevent damage to the building 
but, to an even greater extent, to protect people who have access to the 
roof from electric shocks. Thus scrupulous care must be taken on roofs of 
residential buildings which may be used for drying laundry since residents 
are liable to take their washing down when rain begins to fall at the 
beginning of a thunderstorm. 

Small chimneys on a roof should be protected unless they are made of 
metal. In the British and many other Codes such a chimney is treated like 
any other structure, that is, a horizontal conductor is arranged around its 
periphery on the top and this is connected to the roof conductor system 
as indicated in Fig. 33. In other Codes, in which general reliance is placed 


Fig. 37 Protection of small dwelling by free-standing vertical lightning rods 
according to South African Code 


on horizontal roof conductors, single short finials are recommended for 
such chimneys. The admittedly remote risk inherent in this practice is 
illustrated in Fig. 38 which is sketched from a photograph (Schwenk- 
hagen, 1959) of damage to a house chimney. The slight damage seems to 
indicate that the lightning current involved was rather weak. 

The possibility of dispensing with a roof-conductor system on large 
steel-frame and reinforced-concrete structures is discussed in Section 7.2. 
The protection of danger buildings is examined in Chapter 9 and that of 
roofs with flammable materials in Section 7.9. 


7.2 Down conductors 


Once a lightning strike has been intercepted by a roof conductor the 
current injected into the point struck must be transferred by the shortest 
possible path to the earth electrodes. This function is being performed by 
the down conductors. It is shown in Section 5.5 that failure of a lightning- 
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protective system is, in most cases, due to the occurrence of a side flash 
from that system to internal metal, and it is also explained that one of the 
main factors determining this risk is the inductive voltage drop across the 
down conductors. The statement that the down conductor has to 
discharge the lightning current to earth by the shortest possible path can 
therefore be differently expressed by stressing the importance of discharg- 
ing the current through the lowest possible impedance compatible with 
cost. 

The protection of tall structures is examined in Chapter 8. For build- 
ings covered by the present Section the impedance of a down conductor is 
essentially represented by its inductance. The inductance of a straight 
vertical down conductor can be taken to be directly proportional to its 


YE 


Fig. 38 Sketch of damaged chimney with lightning rod (Schwenkhagen, 1959) 


height. By paralleling two such conductors, separated by an appreciable 
distance, their combined inductance is reduced to one half of that of a 
single conductor and so on, so that n widely spaced parallel conductors 
have an inductance of only one nth of that of a single conductor. As the 
distance between two parallel conductors decreases, their combined 
inductance is more than one half of that of each single conductor so that 
down conductors should not be spaced too closely together. 

Another conclusion which might be drawn from the foregoing argu- 
ment is that a large number of down conductors might be installed simply 
for the purpose of reducing the risk of side flashing. As will be seen later, 
this is indeed a good rule for certain types of construction where a large 
number of existing structural elements can be used as down conductors 
without additional expenditure. For other structures, separate down con- 
ductors constitute an appreciable, and possibly the largest, fraction of the 
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entire protective installation cost and their number should therefore not 
be increased without good reason. 

There are three reasons which might be considered in support of a 
minimum of two down conductors for even the smallest and simplest 
structure. The first reason is that, by opening the test joints which must be 
provided in all down conductors, the continuity of that part of the 
lightning-protective installation can be readily tested which is above 
ground. This is a valid reason for complex installations but can hardly be 
accepted as of great importance for simple structures where testing would 
be undertaken at the same time as the visual inspection which ought to be 
carried out at periodic intervals as a matter of routine ‘(Section a3), 

A second reason which is occasionally advanced is the risk of a single 
down conductor being severed. If this happens, the presence of the 
unearthed roof-conductor system can indeed constitute an acute danger. 
Anyone who has inspected a large number of protective installations 
knows perfectly well that down conductors are occasionally severed and 
are left in that state for long periods (Ho6sl, 1961). However, it is also clear 
that, where this occurs, it is due either to gross neglect or to malicious 
interference. In both cases and in the absence of periodic visual in- 
spection two down conductors can be damaged just as easily as a 
single conductor. 

The third and most important reason is illustrated in Fig. 39 which 
shows a simple structure with a single down conductor. If lightning 
strikes at a point which is at the opposite end of the roof from the position 
of the down conductor the discharge path now constitutes a fairly large 
inductance so that the risk of side flashing to internal metal is increased. 
As will be shown in Section 7.3 side flashing should, and can, be eli- 
minated so that, again, this reasoning need not be accepted as convincing. 

It is thus suggested that simple dwellings, unless built on bare rock 
(Section 10.4), require no more than one down conductor and this recom- 
mendation is indeed made in the British Code as well as those issued in 
Australia, Hungary and South Africa. It is restricted to buildings of up to 
100m?’ ground surface or a perimeter of up to 30m whichever is the 
smaller; the perimeter is to be measured by the ‘taut-string’ method. In 
most other Codes a minimum of two down conductors is recommended. 
The number of down conductors recommended for larger buildings dif- 
fers in the various national Codes but it is invariably related to either area 
or perimeter of the ground surface or both. While individual Codes have 
to be consulted for installations in any one country, most recommenda- 
tions include a minimum of respectively one or two down conductors plus 
one additional conductor for each 20 to 30m of perimeter and part 
thereof. 
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Fig. 39 Structure with single down conductor 
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Fig. 40 Re-entrant loop in lightning conductor taken over a parapet wall 
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The conductors should be arranged at roughly equal distances around 
the perimeter and, as already mentioned, they should follow the shortest 
possible path to earth. Right-angle bends have no detrimental effect on 
the protection afforded but deep re-entrant loops, e.g. around the parapet 
of a roof, may require consideration. As indicated in Fig. 40 such a loop 
constitutes an inductance the value of which is a function of its depth and 
width. The inductive voltage drop which is produced across the open side 
of the loop when a lightning current of given amplitude and wave shape is 
discharged through it can be readily calculated and this can be compared 
with the electrical breakdown strength of the structure. Assuming differ- 
ent values for the maximum amplitude and maximum rate of rise of the 
lightning current and for the electrical breakdown strength of building 
materials, slightly different rules have been established in different Codes. 
However, these fall within permissible limits of the ratio L/D not exceed- 
ing 20 in the German Code and 8 in the British Code, the latter being 
clearly based on more stringent assumptions. Even the lower value is 
unlikely to be frequently exceeded in practice but, if so, the conductor has 
to be laid through, and not around, the parapet. In the German Code 
other shapes of bends are also considered and corresponding recommen- 
dations are made. 

Fig. 41 illustrates another aspect of the same problem. It shows a man 
carrying a metal ladder under the overhanging part of a building with 
cantilevered upper floors. A man with wet clothing and conducting boots 
is essentially at earth potential while the point of the down conductor 
above the ladder is raised to a high potential to earth during the discharge 
of a lightning current. In order to prevent the possible occurrence of a 
side flash the down conductor should therefore not follow the outer 
surface of such a building. 
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Fig. 41 Inadmissible positioning of down conductor on building with cantilevered 
upper floors (British Code) 
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In the illustrations used so far several examples are shown of the 
arrangement and routing of down conductors on different types of build- 
ing. In Figs. 35 and 37 special or ‘artificial’ down conductors are used, 
while in Figs. 32, 33 and 34 use is made of ‘natural’ conductors, such as 
rainwater pipes. Their use is only permissible if their cross-sectional area is 
at least equivalent to that of the minimum recommended sizes for cop- 
per, aluminium and galvanized steel conductors, taking into account their 
respective specific resistances. Special care must also be taken to ensure 
that connections to other parts of the lightning-protective installation are 
secure and permanent in the sense that good electrical continuity is main- 
tained. It would also be highly desirable to warn the owner of such a 
building that, should metal rainwater pipes be replaced at some later date 
by pipes made of synthetic material, additional down conductors would 
have to be installed. 

On buildings having metal cladding, curtain walling or other extended 
metal components on the outer surface these can be used instead of, or as 
part of, down conductors. In some types of construction, the metal com- 
ponents are fastened to metal strips which either cover the entire height or 
width of the walls or which overlap to a sufficient extent to provide 
electrical continuity. In such constructions these parts can, and in fact 
should, be used as down conductors. A problem arises, however, on 
buildings where such metal components are fastened to insulating mater- 
ials. In such cases the gaps between adjacent metal components, which 
are required to allow for expansion and contraction under extreme tem- 
perature conditions, have to be bridged by flexible metallic clips or links 
or each component has to be bonded at both its ends to internal steel 
work. A single small gap between adjacent metal components will consti- 
tute little risk, particularly if the lightning current is subdivided between 
several parallel conductors. However, a large number of such gaps in 
series can lead to a side flash to internal metal (Section 7.6) and, in such a 
case, metallic bonding links have to be provided. For aesthetic reasons 
these cannot be accommodated on the surface of the building but must be 
arranged at the back of the metal components. Provision for such a 
construction must be arranged between architect and lightning- 
protection engineer in the design stage if considerable costs are to be 
avoided later and if the safety of the occupants of the building is to be 
safeguarded. 

Not only architects but the general public not infrequently object to the 
installation of down conductors on the outer walls of a building. They 
may be regarded as objectionable on aesthetic grounds and they may 
become particularly irritating when they expand excessively in hot 
sunlight, become loosened or throw a strong shadow on an otherwise 
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uniformly illuminated wall. These objections are readily overcome by 
internal down conductors which have been introduced in recent years in 
most Codes. ; 

If internal down conductors are used their number should be the same 
as recommended for external conductors and their disposition should 
also be governed by the same considerations. They might be installed in 
service ducts, provided these are made of non-metallic and non- 
combustible material, are not normally accessible to residents but can be 
inspected and tested at suitable positions. The use of lift shafts is not 
usually permissible and there are certain objections to running down 
conductors adjacent to electrical supply cables, even if these are 
armoured. 

In the Swiss Code internal metallic rainwater and other pipes extend- 
ing from the roof to ground level can be used as ‘natural’ down conduc- 
tors and their use is actually specifically recommended. In other Codes 
this method is not encouraged and, according to the German Code, 
internal service pipes must never be used exclusively as down conductors 
but may account for up to one half of the total number of conductors 
required. It is furthermore recommended that down conductors should 
not be installed in a service shaft carrying gas pipes. 

According to some Codes (e.g. Austria, Germany), down conductors 
can be installed in, or on, buildings under plaster but aluminium conduc- 
tors are specifically excluded because of risk of corrosion. Stranded 
copper conductors are preferred because of their flexibility and these are 
covered with a layer of plastic material to prevent corrosion. Provided the 
number of down conductors is adequate to avoid any dangerous increase 
in temperature, good experience with such installations has been reported 
(Kirschner, 1961). 

Reference has been made at various points to the economics of light- 
ning protection. There is no case where the costs can be reduced so effec- 
tively as for large buildings of steel-frame or reinforced-concrete 
construction. Considering first a steel frame, if this was connected to an 
appropriate roof-conductor system, it would represent a multiple system 
of down conductors, each of ample cross-section and the total assembly 
having a greatly reduced inductance. The low inductance is due firstly to 
the large number of parallel conductors and secondly to the fact that each 
stanchion with its substantial cross-sectional area has a lower inductance 
than a single normal down conductor. As regards the risk of internal side 
flashing a steel frame-building approaches the case of a Faraday cage 
(Section 5.5). 

A steel-frame building (Fig. 36) thus requires no down conductors but 
it is essential for it to be earthed according to the normal rules described 
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in Section 7.3. The question is sometimes raised as to whether a roof- 
conductor system is required for such a construction. If it is installed, it 
has to be connected at frequent intervals to the steel stanchions and these 
connections have, of course, to be carefully waterproofed. If such a build- 
ing is struck by lightning no damage will result. 

The possibility may, however, be considered of omitting the roof- 
conductor system to save costs. A strike to such a structure would then 
result in the lightning current breaking through the building material to 
the steel work. The amount of damage caused to the roof would depend 
on the material, namely whether it was brick, concrete or pre-fabricated 
panel. There is little doubt that the repair cost would be small compared 
with the cost of a roof-conductor system and its bonding to the steel 
frame. On the other hand, the risk has to be faced that lightning may 
strike a corner of the roof and that a large piece of building material be 
broken off and hurled into the air. On dropping to the ground it could 
injure or kill a passer-by. It is hardly surprising that the possibility of 
omitting the air termination on a steel-frame building is not mentioned in 
any Code. 

This solution may, however, well be justified in exceptional conditions 
where the risk of injury to persons is minimal or when considering the 
lightning protection of an existing building. In the latter case, earthing of 
the steel frame would be much more effective, and considerably cheaper, 
from the point of view of lightning protection than belated addition of an 
air-termination network. 

The same considerations as outlined for a steel-frame building apply to 
a structure of reinforced concrete, with the only proviso that an elec- 
trically continuous connection must exist between the upper and lower 
ends of the structure. This condition can be taken as established for all 
practical types of construction. According to usual building practice, as 
successive reinforcing bars are fitted, they are made to overlap lengthwise 
with bars already in situ and are then tied together by metal binding wire. 
It is true that a single such connection is likely to have a high electrical 
resistance but in a completed framework many thousands of such connec- 
tions are electrically in parallel. Many resistance measurements on 
finished structures have indeed shown that such a construction is fully 
acceptable for the purpose of lightning protection and that the resis- 
tance does not change materially in the course of several years. Fur- 
thermore, impulse tests (Lundquist, 1967) carried out in a laboratory 
on samples of reinforced concrete with no more than two turns of 
binding wire have failed to produce any noticeable damage. This is 
in sharp contrast to further tests, undertaken under the same condi- 
tions but with gaps of 1 and 2mm respectively between two un- 
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bonded metal bars encased in a concrete block, which resulted in 
explosive rupture of the block. 

In pre-stressed concrete long steel bars are used and these are more 
than adequate for the discharge of even the severest lightning current. 

In accordance with usual building methods the reinforcing bars are 
connected together both in vertical columns and along horizontal floors. 
The resulting network is equivalent to a steel frame of the same dimen- 
sions and should therefore be utilized in place of external separate down 
conductors. The reinforcement should be earthed as described in Section 
7.3. If an air-termination network is provided, this should be bonded at 
frequent intervals to the reinforcement. The bonding must be permanent 
and proof against corrosion and this can be done by welding, brazing or 
soldering. 


7.3 Earth-termination network 


After a lightning current has been intercepted by a roof conductor and 
conducted to ground level by down leads it is the function of the earth 
electrodes to discharge the current into the ground and to secure its 
effective distribution in the mass of the earth. The two main aspects to be 
considered in this respect are the effects of the earthing resistance of a 
lightning-protective system on the risk of side flashing in a building and 
on the potential distribution over the ground surface Surrounding a 
building. 

The theoretical basis of the former aspect is examined in Section 5.5. 
For convenience’s sake, equation (6) is repeated which enables the poten- 
tial u with respect to true earth to be calculated to which the stricken 
point of a roof conductor is raised: 


u = iR+Ldi/dt 


With reference to Fig. 42, let us take it that i is the lightning current 
discharged into the conductor, di/dt its rate of rise, L the inductance of 
the discharge path and R the earthing resistance of the protective system. 
SP may indicate a metallic service pipe, be this a water pipe, a sheathed 
electric cable, a telephone cable, a gaspipe or any other installation, part 
of which is buried in the ground and which thus remains effectively at 
earth potential. 

If, as indicated in Fig. 42 (a), the lightning-protective system is earthed 
separately from the buried metal service pipes the full potential difference 
indicated in the foregoing equation is impressed between the roof conduc- 
tor and the earthed service pipe. This potential difference, and thus the 
risk of side flashing, is therefore a function of the earthing resistance R 
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and, to reduce the risk, its value would have to be kept sufficiently low. 
On the basis of this argument, the lowest possible resistance value should 
be recommended for the earth termination. 

In areas of low soil resistivity, this recommendation will present no 
difficulty and will prove inexpensive. However, a Code of Practice has to 
recognize general conditions prevailing in a country and, where safety of 
life is concerned, severe conditions which are liable to arise anywhere in 
the region covered by the Code have to be taken into consideration. In 
most areas of the world soil resistivity is moderately high and in many 
areas it is very high, at least at certain times of the year. In such circum- 
stances, a really low earthing resistance is not only difficult to achieve but 
can prove very expensive. 


Fig. 42 Building with lightning protection and internal metal service pipe 
(a) unbonded (b) bonded 


An alternative solution is not difficult to find. As indicated in Fig. 
42 (b), let the lightning-protective earth be bonded to the incoming metal 
service pipes at, or near, the points where these enter the building. The 
potential with respect to true earth to which the roof conductor is raised 
by a lightning strike is then still described by the foregoing equation 
although the resistance R is now reduced to a value determined by the 
parallel connection of the earth electrode of the lightning-protective 
system and that of the combined service pipes. However, the risk of side 
flashing is not determined by the potential difference between the roof 
conductor and true earth but by that arising between the roof conductor 
and the metal service pipes in the building. The latter are now raised to a 
potential with respect to true earth given by the product iR but this 
potential difference does not now appear between roof conductor and the 
service pipes. The risk of side flashing is thus determined exclusively by 
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the inductive term in the equation oS is independent of the value of the 
earthing resistance R. 

If bonding is effected at the entry to a building between the lightning- 
protective system and earthed metal services the value of the earthing 
resistance becomes thus immaterial. The provision of an independent 
earthing electrode would still seem a wise precaution, partly to overcome 
the risk of the bonding connection being even temporarily severed and 
partly to prevent the entire lightning current being discharged along 
service pipes which may be under the control of several different authori- 
ties. However, a large expenditure for the earthing system is thus avoided 
without any increase in the risk of side flashing. 

In order to be effective, bonding must extend to all earthed services. 
Several objections to this recommendation have been raised and these 
must be briefly examined. 

Fears that the discharge of lightning current over existing services can 
have damaging effects do not appear ever to have been substantiated and 
are overcome, or at least ameliorated, by the above suggestion that a 
separate lightning-protective earth electrode be installed in every case. 

Bonding to water pipes is adversely affected by the introduction of 
plastic pipes. It would therefore be dangerous from the point of view of 
lightning protection if such bonding constituted the only means 
of discharging a lightning current to earth. However the water supply 
system itself will not be endangered. 

When the lightning-protective earth is bonded to the sheath of an 
electricity supply cable or to the earthed neutral of an electrical installa- 
tion, the sheath or neutral is raised to a potential with respect to earth for 
the duration of the flow of lightning current. As a result electrical installa- 
tions in the building can be damaged. Any such risk can be prevented by 
the installation of suitable surge diverters (IEC, 1970) in accordance with 
the regulations of the electricity supply authorities. 

The strongest objections against bonding have been raised by gas en- 
gineers because of the fear that sparking in the presence of an accidental 
gas leak could cause an explosion. If bonding is established properly, the 
risk of sparking is non-existent nor can a gas explosion be caused by 
discharging a lightning current through a metallic gas pipe. On the other 
hand, if bonding is omitted and if the distance between lightning- 
protective earth and gas pipe is inadequate, a side flash through the 
ground (as illustrated in Fig. 29) to a leaky gas pipe could indeed cause an 
explosion. 

It is thus concluded that bonding between lightning-protective earth 
and earthed metal services notably reduces the risk of side flashing in a 
protected building. It will also prove much cheaper than the various 
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methods available to reduce the earthing resistance of the protective 
system, particularly in areas of moderate to high soil resistivity. 

Nevertheless, guidance is required on the minimum separation between 
a lightning-protective electrode and a buried metal pipe beyond which 
bonding is unnecessary. This distance is determined by the quotient iR/E 
where i and R have the same denotations as before while E is the impulse 
breakdown strength of the soil. Typical values of this breakdown strength 
vary between 2 and 5kV/cm (Petropolous, 1948). Assuming a minimum 
of two earth electrodes of 10Q each with roughly equal current division 
and assuming further that a severe current of 100kA be discharged 
through each, the minimum separation distance in clay soil of 2kV/cm 
breakdown strength would amount to 5m. 

Summarizing the aspect of side flashing it may be said that, in soil of 
low resistivity, neither bonding nor separation of earthing systems causes 
serious problems or costs. In soil of high resistivity, both alternatives pose 
problems but those associated with separation seem considerably greater. 

Turning to the second aspect concerning the earth-termination 
network, this involves the potential distribution over the ground surface 
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Fig. 43 Current distribution in ground (a) and voltage drop along ground 
surface (b) near point of lightning strike 
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which, in turn, determines the step voltage to which a person, or an 
animal, is subjected when striding close to a point where a lightning 
current is discharged into the ground. This condition is sketched in Fig. 
43. The step voltage is proportional to the specific resistivity of the soil 
and falls more rapidly than in inverse proportion with the distance from 
the earth electrode. It also decreases with increasing depth of burial. 
There is thus only an indirect relation between the ohmic resistance of 
an earth electrode and the step voltage. As compared with a reduction of 
this resistance, a much more effective method of reducing the step voltage 
is a buried ring conductor encircling a building to be protected. This 
results in an almost complete absense of voltage differences within the 
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Fig. 44 Potential distribution within and outside ring electrodes of different 
diameter and depth of burial (Koch, 1955) 


area circumscribed by the ring conductor. Outside that area the step 
voltage is also greatly reduced as shown in Fig. 44 in which the step 
voltage is plotted for different values of the diameter of the ring and its 
depth of burial (Koch, 1955). 

A somewhat similar situation arises in a built-up city area where so 
many metal service pipes are usually buried in the ground that the risk of 
a dangerous step voltage arising is almost non-existent. Heavy expendi- 
ture on the resistance of a lightning-protective earth under these condi- 
tions is therefore unjustified. On the other hand, there is much greater 
justification in reducing that resistance value for an isolated dwelling in 
open country even if bonding to buried metal pipes, if any, can be effected 
So as to safeguard any person approaching the building at the instant of a 
lightning strike. 
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Having thus discussed the various aspects concerning the effect of the 
resistance of the earth termination on the lightning protection of a build- 
ing the recommendations made in different national Codes may be briefly 
reviewed. 

Maximum permissible values of the overall resistance of an earth- 
termination network are prescribed in several national Codes. They vary 
from 2:5Q in Holland to 30Q in South Africa at least in terrain in which 
trench earthing has to be adopted. This spread of permissible earth resis- 
tances seems a clear indication that these are largely governed by soil 
characteristics prevailing in individual countries. In some Codes this 
interrelation is recognized by associating the maximum permissible resis- 
tance value with the specific soil resistivity (Austria) or with the type of soil 
(Poland). In other countries again, no limiting values are quoted while the 
Code issued by the American National Fire Protection Association is the 
only one in which it is specifically stated that low resistance ‘is, of course, 
desirable but not essential’, a statement which is followed by supporting 
examples. 

Separate earth electrodes for the purpose of lightning protection are 
recommended in most Codes. Their number should equal that of the 
down conductors and where a maximum resistance value is specified this 
is usually expected to be obtained before any bonding has been effected to 
buried metal pipes or services. In other words, no reliance is placed in 
these Codes on any reduction of the overall earthing resistance con- 
tributed by buried metallic services. 

In some other Codes separate earth electrodes are not invariably 
required. Thus in Switzerland acceptable earthing can be provided by a 
metallic waterpipe if it is at least 50m long. 

Bonding of the protective earth-termination network to buried metal 
services is accepted in most Codes although separation is regarded in 
some cases as a preferable alternative. According to the German Code 
separation is acceptable if the earthing resistance of the protective system 
does not exceed 5D, where D is the separation distance in metres. In the 
Austrian Code a minimum separation distance of 0-4m is acceptable if 
the earth electrode has a plastic cover of not less than 5mm thickness. 

There is one other aspect of earthing to which no reference appears to 
be made in any existing Code. This is the importance of earthing in a 
building without lightning protection. If such a building is struck, the 
lightning current follows any metal component by which its discharge to 
earth is facilitated. As a result, considerable damage is often caused to 
electrical installations, conduits are crushed, fixtures are torn out of walls, 
electricity meters and various types of electrical equipment are damaged 
and, most importantly, persons who are near any such conducting object 
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are occasionally injured or even killed. Much of this damage and cer- 
tainly the risk to residents could be avoided if all metallic services in an 
unprotected building were adequately earthed. As the great majority of 
private dwellings are not fitted with lightning protection it would appear 
that this aspect should be given the attention it deserves. 


7.4 Earth electrodes 


Comprehensive books (Tagg, 1964) and Codes of Practice are available 
on earthing in electricity supply systems and consumer installations and 
these include valuable information on the characteristics of different types 
of earth electrode. Much of that information is applicable to the earth 
termination of a lightning-protective system. However, the specific pur- 
pose of a lightning-protective earth electrode is to discharge impulse 
currents and this aspect requires special consideration. 

If a concentrated earth electrode, such as a short vertical rod, is sub- 
jected to an impulse current, electric breakdown of the surrounding soil 
may result, the soil behaving as though it was an insulator (Bellaschi et al, 
1942; Berger, 1946; Petropoulos, 1948). This phenomenon is particularly 
pronounced in sandy soil or gravel. When the soil surrounding an earth 
electrode breaks down, its effective earthing resistance is reduced below 
its steady-state value. So far as lightning protection is concerned, it is 
therefore safe to proceed on the assumption that the earthing resistance of 
a short electrode is given by its steady-state ohmic value as determined by 
standard methods of measuring technique (Section 11.2). 

On the other hand, if an impulse current is injected into an extended 
conductor then, whether this is suspended in air or buried underground 
and whether it is arranged horizontally or vertically, it does not react with 
its ohmic resistance but with its surge impedance Z = , /b/C, where: L 1s 
the inductance and C the capacitance of the conductor. Thus a horizontal 
buried conductor, namely a strip electrode, has an initial effective im- 
pedance of the order of 150Q if the current is injected into one of its ends. 
As the front of the impulse current is propagated along the conductor, an 
increasing fraction of its length contributes to the discharge of the current 
into the surrounding soil with the result that its effective impedance 
decreases until, after a sequence of reflections, its steady-state value is 
reached. The time variation of the surge impedance of a strip conductor 
of 0-Scm radius and 100m length, buried at a depth of 30cm in soil of 
1000Qm resistivity (Sunde, 1949) is shown in Fig. 45. If a strip elec- 
trode is buried so as to stretch into opposite directions from the 
point of current injection, its initial surge impedance value is halved. 
If more discharge paths are added by adopting a star formation, the 
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effective initial impedance is further reduced. When determining 
the risk of a side flash, this characteristic of an extended buried 
conductor has to be taken into account. 

The steady-state resistance of an earth electrode is subject to seasonal 
variations (Yakobs and Alimamedov, 1966) and care must be taken to 
install it, as far as possible, below the permanent water table, below 
freezing level and at some distance from structures, such as kilns, where 
the soil is liable to be dried out. Seasonal movements in made-up soil are 
sometimes responsible for a gradual increase in earthing resistance be- 
cause of increasingly poor contact between the surface of an earth elec- 
trode and the surrounding soil. For this reason a rod electrode driven into 
virgin soil is greatly preferable to an electrode buried in made-up soil 
even if this is carefully compacted. 
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1949) 


Artificial reduction of the earthing resistance by treatment of the soil 
with salt or similar compounds is not to be recommended, except as a last 
resort. Any such treatment remains effective for short periods only and 
greatly increases the risk of corrosion. 

The selection of the best type of earth electrode for a given structure is 
largely influenced by local soil characteristics, that is its uniformity or 
stratification, the resistivity of different soil layers, the permanent water 
level and the conductivity of the water. In soils of high resistivity and 
particularly on rock ring conductors may present the only practical solu- 
tion. In locations with uniform soil characteristics pre-determination by 
calculation is possible of the best type of electrode and its arrangement. In 
many parts of the world soils are non-uniform and, under these condi- 
tions, the best procedure is to determine the specific resistivity of the soil 
by trial measurements (Section 11.2) over the area to be covered by the 


Protective Systems 91 


building and to reach a decision on the basis of the results obtained. 
Detailed recommendations concerning the choice of earth electrodes in 
different soils are made in the Canadian Code. 

Earth plates which were formerly widely employed are no longer 
recommended for lightning-protective purposes, partly because they are 
least economical in utilization of material and partly because of the diffi- 
culty of maintaining permanent good contact with the surrounding soil. 
Plates are, however, permitted as auxiliary electrodes in the Canadian 
Code and, if used at all, should be arranged vertically according to the 
Swiss Code. 

Driven rod electrodes are recommended in many Codes. Their earthing 
resistance R is given by: 


p 4] 
R=—| log, ——1 JQ 8 


where p = specific resistivity of soil in ohm metres 
! = length of rod in metres 
a = radius of rod in metres. 


The variation of the earthing resistance with the length of a driven rod 
electrode in soil of uniform resistivity of 100Q m is plotted in Fig. 46. It 
shows that there is little benefit in extending the length of a rod in such 
soil beyond 2 to 3m or in increasing its diameter beyond 1:25cm. Where 
two or more earth electrodes are required the distances between them are 
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Fig. 46 Variation of earthing resistance of rod electrodes of different diameter with 
length (British Code ‘Earthing’) 
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usually large compared with the lengths of the rods so that their 
combined resistance can be taken to be inversely proportional to the 
number of rods used. 

In areas with a deep water table of low resistivity long rod electrodes 
have been used successfully. They are produced by screwed couplings of 
standard lengths of rod where the coupling has the same overall diameter 
as the rod itself. However, without a prior test no reliance should be 
placed on the water level since, to give only one example, water in a layer 
of gravel may have high specific resistivity. On the other hand, for condi- 
tions such as prevail in Holland rod electrodes driven into the ground for 
10m and more have proved successful. 

Strip electrodes are particularly beneficial where high-resistivity 
ground is found below a thin stratum of low resistivity. They are recom- 
mended in most Codes and they can also be used to good advantage in 
combination with rod electrodes. The steady-state earthing resistance of a 
strip electrode is given by: 


p 2! 
R =—| log, ———— 1) 9 
where ! = length of strip in metres 


a = conductor radius in metres 
d = depth in metres. 


The variation of the steady-state earthing resistance of a strip conduc- 
tor buried at a depth of 30cm in soils of different resistivity is shown in 
Fig. 47. As can be seen, there is little advantage to be gained by increasing 
the length beyond a certain limit imposed by the prevalent soil resistivity. 

As explained in Section 7.3 the great advantage of a strip electrode 
encircling the foundations of a structure at a distance of 1 to 2m lies in 
the fact that no dangerous potential differences can arise within the ring. 
This type of electrode is recommended in several Codes. 

In modern buildings of large dimensions concrete foundations are 
almost invariably used for steel stanchions and reinforced concrete col- 
umns. Attention has been paid in recent years to the question to what 
extent these can be utilized for earthing purposes without additional 
earth electrodes. It is agreed that the effective resistance of a concrete 
foundation is mainly determined by the composition of the concrete. 
However, beyond this observation the latest results of relevant investiga- 
tions are regrettably contradictory. From a substantial number of tests on 
specially designed objects as well as measurements of existing founda- 
tions, extending over 20 years, it has been concluded (Ufer, 1964; Fagan 


Protective Systems 93 


and Lee, 1970) that concrete foundations with reinforcing bars (Fig. 48) 
are fully acceptable as earth electrodes for the purpose of lightning 
protection, that their resistance can be satisfactorily predicted from the 
dimensions of the concrete base in contact with the surrounding soil, that 
their seasonal variation is the same as that ofa copper electrode buried in 
an adjacent position and that the rate of corrosion of reinforcing bars is 
lower than that of rod electrodes buried in the same ground (Wiener, 
1970). On the other hand, another investigation (Fritsch, 1971) of 66 
foundations of various ages has shown a strong increase in the specific 
resistivity of concrete with age such that, even after 60 years, a final value 
has not yet been reached. Furthermore, reasons have been given to fear 
that steel bars in concrete foundations will be subject to serious corro- 
sion, particularly where copper electrodes are buried in their vicinity 
(Harding and Harris, 1970). 

According to the Swiss Code, concrete foundations can be used as an 
earth termination provided the steel reinforcement is continued below 
ground level. In the German Code such foundations are deemed to have a 
resistance equivalent to that of two rods of 3m length in parallel or a 
single rod of 6m if the foundation has a volume below ground level of 
1m°. In most other Codes, the metal parts of structures on concrete 
foundations have to be separately earthed without reference to the resis- 
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Fig. 47 Variation of steady-state resistance with length of buried strip conductor 
for different soil resistivities (Sunde, 1949) 
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The advantage of reinforced-concrete foundations as compared with 
conventional earth electrodes increases with increasing soil resistivity. 
Their future utilization for the purpose of lightning protection would 
clearly convey substantial cost benefits. The reason for the contradictory 
results, to which reference has been made, should therefore be resolved in 
the interest of technical progress. 

Installations with cathodic protection must not be bonded per- 
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Fig. 48 Reinforced-concrete base for steel column (Fagan and Lee, 1970) 


manently to the earth-termination network of the lightning-protective 
system (von Baeckmann et al, 1966). In order to avoid the risk of side 
flashing, the respective earth conductors should be connected through 
insulating flanges and, in parallel with these, protective spark gaps or 
surge diverters should be fitted (Fig. 49). In this way bonding is effected. 
only for the duration of the flow of lightning current. Overvoltage protec- 
tion may, in this case, be required for certain components of the cathodic- 
protection installation. 
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The number of permanent joints in a lightning-protective installation 
should be kept to a minimum since they are liable to constitute compara- 
tively weak points. Some joints, in particular in the air-termination 
network, may have to carry the full current in a lightning discharge. They 
must be capable of doing this without any deterioration and without 
producing sparking. 

The ability of a joint to discharge a high current amplitude is 
determined by its contact resistance. This is liable to be increased by 
impurities, such as metal oxides or coating, on the metal surfaces to be 
joined or by irregularities on the surfaces resulting in discrete point con- 
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Fig. 49 Connection of flanges with cathodic protection (von Baeckmann et al, 
1966) 


tacts. The first difficulty can be overcome by thorough cleaning, the 
second by high clamping pressure. 

Minimum contact surface areas are recommended in many Codes and 
these vary between about 4 and 10cm?. The contact surfaces should first 
be cleaned and inhibited from oxidation with a suitable non-corrosive 
compound. They can then be clamped, screwed, bolted, crimped, riveted 
or welded. 

Joints between dissimilar metals are liable to corrode and these should 
be protected in accordance with the recommendations in Section 6.3. 

Each down conductor should be provided with a testing joint or link to 
enable the resistance of each individual earth electrode to be measured 
and continuity tests to be performed. Such a testing joint should be easily 
accessible without inviting interference by unauthorized persons. No per- 


96 Lightning Protection 


manent connection must be made below a testing joint other than to the 
earth electrode. In particular, bonding to underground metal services 
must not be effected below the testing joint unless such a connection is 
made through a further joint which can be opened when the resistance of 
the earth-termination network is being determined. 


7.6 Metal components on and in buildings 


In Section 5.5 the mechanism of side flashing from a lightning-protective 
system to earthed and unearthed metal is discussed and in Section 7.3 
means are examined to reduce this risk by bonding connections between 
the metal parts involved. Such bonding constitutes an effective theoretical 
solution but its rigorous practical application is subject to two basic 
limitations. In the first place, it adds to the cost of the installation, parti- 
cularly if weather-proof metallic connections have to be established 
through the roof or a wall of a building. In the second place, metal parts 
on, and in, a building may comprise the heavy guide rails ofa lift extend- 
ing over the full height of the building and, at the other extreme, include 
the small metal hinges of a door. The question to be answered thus 
resolves itself into a decision on when and what metal components on, 
and in, a building are to be bonded to, or kept isolated from, the 
lightning-protective system. 

For practical purposes, the question of bonding versus isolation must 
be answered in three steps. In the first place the potential difference has to 
be determined between the metal part under consideration and the near- 
est point of the lightning-protective system. Secondly, the electrical break- 
down voltage across the clearance path has to be established and, thirdly, 
a simple rule or formula has to be developed on the basis of these two 
factors by which the lightning-protection engineer is enabled to decide 
between bonding or isolation. These three aspects will now be examined. 

The potential with respect to earth to which a given point of a lightning 
conductor is raised when a current i with a front steepness di/dt is dis- 
charged through the conductor is given by equation (6) which, for the 
sake of convenience, is once more repeated here: 


u=iR+Ldi/dt 


The internal resistance of a lightning conductor is usually negligibly small 
compared with its earthing resistance so that R in the foregoing expres-. 
sion can be taken to represent the earthing resistance of the protective 
system. The inductance of a down conductor of usual dimensions is so 
little affected by its shape and cross-sectional area that it can be taken to 
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be directly proportional to its length. Thus the potential u has a value of 
iR at ground level and increases linearly upwards along a down conduc- 
tor until its maximum value is reached at roof level. 

The maximum values recorded so far for the lightning current ampli- 
tude i and its rate of rise di/dt are discussed in Section 3.3. There is no 
guarantee that higher values may not be recorded in future. On the other 
hand, safe clearances based on the most severe lightning discharge likely 
to occur might prove unacceptable on economical and statistical 
grounds. Various assumptions are therefore made in different national 
Codes with respect to these values. For the purpose of a numerical illus- 
tration of the problem the values adopted in the British Code may be 
used. In that Code the calculation of the maximum potential to earth of a 
lightning-protective installation is based on the following values: 


i vax = 150kA 
di,,,,/dt = 40 kA/us 
Bi h 
= 1-6henry/m = 16x 10; °= henry 
f n 


where h is the length of the down conductor in metres and n the number 
of down conductors installed. 
h 


Thus u=1:5x10°R+16x107°°x4~x 10!9— V 
n 


h 
= 15x 10°R+64x 10*— V (10) 
n 


The next question to be examined relates to the breakdown strength of 
the clearance between the lightning-protective installation and external 
or internal metal. If external metal is involved, this clearance involves an 
air space but, for internal metal, it represents either some constructional 
material or that material in series with an additional flashover path 
through air. The electrical breakdown strength of an insulating material, 
be it gaseous or solid, depends on the breakdown distance and on the 
time variation of the applied voltage. As seen from equation (10), the time 
variation of the potential u is a function of the wave shape of the lightning 
current and it consists of two components which have been termed the 
ohmic and inductive components. 

The ohmic component of u has the same wave shape as the lightning 
current by which it is produced. That wave shape is discussed in Section 
3.3 and illustrated in Fig. 8. The electrical breakdown strength of an air 
gap measuring several metres when subjected to an impulse voltage, as 
shown in Fig. 8, is taken as SO0kV/m. With this value the first term in 
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equation (6) can be rewritten in the following form, if D is the required 
clearance in metres: } 


5x10°D=1:5x10°R 
or D=03Rm (11) 


The case of a breakdown path involving solid material is examined later. 

In Fig. 50 typical wave shapes are shown schematically for the currents 
in first and subsequent strokes in a multiple-stroke flash. Superimposed 
on these currents are their first derivatives, namely curves showing the 
variation of di/dt with time. These latter wave shapes are seen to simulate, 
what in high-voltage technology are called, chopped impulse waves. The 
breakdown strength of an insulant under such a chopped impulse wave is 
considerably higher than when a full impulse wave is applied. The break- 
down strength of air for a chopped impulse voltage is taken as 900k V/m. 
The second component of equation (6) can therefore be written as: 


h 
9x 10°D = 6:4 x 10* — 
n 


h h 


Die ~ 
nn iiss 


(12) 


(a) (b) 
Fig. 50 Representative lightning-current wave shapes (i) and their derivatives 
(di/dt) in a first (a) and subsequent (b) stroke 


As seen from Fig. 8, the crest values of the resistive and inductive 
voltage components produced by a lightning current can occur prac- 
tically simultaneously so that it is legitimate to have the two terms in 
equation (6) added together algebraically. The same argument can be 
applied to the clearances evaluated in the expressions (11) and (12). The 
total safe air clearance between a point of the lightning-protective instal- 
lation and metal on, or in, a building thus becomes: 


h 
D=0:3R+— 
Cais tin 
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h 
or ire ft (13) 
and these are the expressions used in the British Code. It is recognized 
that these expressions are based on fairly severe assumptions with respect 
to the lightning current and it is therefore added that, where a slight risk 
_ of side flashing can be accepted, the clearance determined by equation 
(13) can be halved. 

Information on the impulse-breakdown strength of building materials 
is scanty and is confined to tests with full impulse waves. Brick and 
concrete is found (Samula, 1963a) to have a slightly lower breakdown 
strength than an air space of the same thickness. Tests carried out by the 
writer on modern prefabricated panels incorporating combinations of 
asbestos and hardboards covered with vitreous enamelled steel sheet, 
expanded polystyrene or glass showed that breakdown did not normally 
occur through the panel but along its surfaces and the frame in which it 
was incorporated. The resulting surface-flashover voltages were lower 
than the equivalent shortest air clearances. 

In practical installations the most usual configuration liable to be sub- 
jected to the risk of side flashing is a combination of solid building mater- 
ial and air. When an impulse voltage is applied to a series arrangement of 
a solid dielectric and air the voltage is divided between these two com- 
ponents in inverse proportion to their dielectric constants. Solids have 
higher dielectric constants than air so that a large part of the applied 
voltage is initially concentrated across the air space. Such an air space 
may be represented by the distance between the inside of a wall, to the 
outside of which a down conductor is fixed, and a radiator. A heavy side 
flash across such an air space would, to say the least, be disconcerting to 
persons in the room and should be avoided. Clearances lower than in- 
dicated in expression (13) should therefore not be adopted without careful 
consideration of all the factors involved. 

The foregoing considerations are not adopted in the German Code. 
There, clearances are determined on the assumption that a solid building 
material has an effective thickness, as concerns its impulse breakdown 
voltage, of five times its actual value. Similarly, in the Austrian Code 
bricks are deemed to have three times their actual thickness and glass 
fifteen times. 

In all national Codes it seems to be accepted that metal components in, 
or on, a building extending over its total height, or a large part of it, 
should be bonded to the lightning-protective systems both at their highest 
point and at, or near, ground level. In the Swiss Code, this rule is adopted 
for all metallic components and in the British Code bonding is recom- 
mended for all structures apart from small dwellings. In other Codes it is 
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specifically confined to metallic components exceeding a few metres in 
length although it may be taken as axiomatic that small metal parts, such 
as window frames or the balustrade of a short balcony, can be left isolated 
if the minimum recommended clearances are maintained. 

Absolute values for minimum permissible clearances are given in the 
Austrian Code as 0-4m and in the Dutch Code as 0:5 m. In several other 
Codes simple formulae are given from which these clearances can be 
determined. The formulae which relate to the condition that the earth 
terminations of the lightning-protective system and the earthed metal in, 
or on, the structure are kept separate and the resulting clearances are 
collected together in Table 9. The two numerical examples evaluated in 
the table refer to dimensions which may apply respectively to a small 
residential dwelling and to a large factory. 


Table 9 Minimum clearances between lightning conductor 
and metal component 


Minimum clearance (m 
Country Formula h=10m; R=100; n=2 \h=20m; R=ZO57 10 


Austria 0-066R +3¢h 0-9 m 0-7 m 
Germany 0-:05h+0:2R 25m 1-4m 
Great Britain | 0:3R+h/15n 3-6m 0-7 m 
Holland R/10+h/10n 15.0 0-4m 
South Africa | 0:06h+0-1R 1-6m 1-4m 


h = height in metres 
R = earthing resistance in ohms 
n = number of down conductors 


It is obvious that there exist considerable differences between the var- 
ious national recommendations. These are likely to be partly due to 
differences in the choice of the relevant parameters of the lightning 
discharge and partly to the fact that the number of down conductors, 
which exert such an important influence on the risk of side flashing, is 
taken into consideration in the British and Dutch Codes only. 

From these and some further examples the Dutch Code seems to re- 
quire the smallest values. 


7.7 Sound and television aerials 


Aerials installed on a roof almost invariably constitute the highest point © 
of a building. They are therefore liable to be struck by lightning and many 
cases have been reported of damage to the aerial, to the cable connecting 
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the aerial to the receiver (the feeder cable), to the receiving equipment 
and to the electrical installation in the house (Lehmann, 1965; Neuhaus, 
1969). In a building without lightning protection and with non-metallic 
roof an aerial installed in the loft can still attract a lightning discharge. 
Lightning protection of a receiver system should therefore evoke real 
concern and it is a matter of satisfaction to find that the reeommenda- 
tions made in those Codes in which this problem is covered are in good 
agreement with respect to the remedial measures to be adopted. In other 
Codes cross-reference is merely made to authoritative recommendations 
dealing with broadcasting. | 

An aerial installed within the conventional zone of protection of a 
lightning-protective system requires no further protection beyond the 
need for bonding the metal mast, crossarms and elements to the lightning 
conductor. Such positioning of the aerial is, however, unlikely to provide 
a satisfactory quality of reception and other arrangements are therefore of 
far greater practical importance. 

Assuming then that the aerial constitutes the highest part of the build- 
ing and that this is protected against lightning, the mast and its metal 
components should be bonded by the shortest connection to the roof 
conductor system. However, even when this is done the feeder cable can 
break down and part of the lightning current can be discharged through 
the core of the feeder and thence into the equipment. As the chassis of a 
television set is not normally earthed, damage to the set is liable to occur 
and the possibility of injury to a person in the room cannot be ruled out. 

If the receiver is connected to the aerial through a concentric or twin- 
screened feeder cable, its sheath should be connected to the roof conduc- 
tor system at its highest point. In addition special protective spark gaps 
might with advantage be connected on the aerial between core, or cores, 
and sheath. If an unscreened feeder cable is used, the mast with the aerial 
should be earthed and protective gaps might be installed between the 
conductor, or conductors, and the earth conductor. 

On an unprotected building, and particularly in a lightning-prone area, 
an aerial should be treated as though it were a lightning conductor and its 
down-lead and earth electrode should thus be dimensioned in accordance 
with the usual rules. However in order to reduce installation costs it has 
been suggested (Neuhaus, 1969) that the cross-sectional area of the down 
lead be reduced in accordance with purely thermal requirements (Section 
5.3). Thus a minimum of 25mm? is recommended in the Dutch Code 
while a copper conductor of 16mm? or a galvanized steel conductor of 
25mm7 is regarded as adequate in the Finnish Code. Fig. 51 shows the 
simple way in which a dwelling without lightning protection can be 
safeguarded against serious damage by earthing the mast and feeder cable 
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of a television aerial; Fig. 51 (a) sketches the case of a screened feeder 
cable while Fig. 51 (b) shows the case of an unscreened cable. 


4, 


(a) (b) 


Fig. 51 Earthing of television aerial on unprotected building (a) screened cable (b) 
unscreened cable 


7.8 Electricity supply and telephone installations 


The lightning protection of electricity supply systems and telephone lines 
is outside the scope of this book. The questions to be examined here are 
limited to the risks to which buildings and their occupants may be sub- 
jected by the connection of such installations to a structure. 

Electricity supply and telephone services are provided either by under- 
ground cables or by overhead lines. In the former case, the metal sheaths 
of the cables should be bonded to the earth-termination network of the 
building as discussed in Section 7.3. If this is not done, an occupant of the 
building can be subjected to serious danger as shown by a striking 
example in Section 12.3. If the building is supplied through an overhead 
line terminating in a short length of underground cable, say less than 
100m, the protection of the house installation should be treated as 
though it was connected directly to an overhead line. 

An overhead line is subjected to two types of lightning risk (Golde, 
1954; Retief et al, 1955). In the first place, one of the conductors can’ 
receive a direct lightning strike. In the second place, a lightning flash to 
earth at a distance of up to several hundred metres from a line induces 
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high overvoltages in the conductors. The two types of overvoltage are of 
opposite polarity but they are almost invariably of sufficiently high ampli- 
tude to cause flashover of the line insulation at the nearest pole with 
earthed metal ware. The most dangerous case arises as the result of an 
overvoltage the amplitude of which is just below the impulse flashover 
voltage of the line insulation to earth. If the overvoltage originates at a 
considerable distance from a house at which the line is terminated, its 
amplitude is furthermore doubled on entering the house installation. 
The impulse flashover voltage of an overhead line is frequently higher, 
and sometimes much higher, than the impulse breakdown voltage of 


SD = surge diverter 


Fig. 52 Alternative methods of overvoltage protection of electrical house 
installation 


electrical household (Berger, 1944) and telephone equipment (Meister, 
1958). Such equipment can thus be damaged (Retief et al, 1955) by over- 
voltages transmitted into the building through overhead lines. In order to 
protect the equipment surge diverters (IEC, 1970) should be fitted 
between the conductors of the electricity supply line and earth, preferably 
at the entrance to the house or, if this is not feasible, at the nearest pole 
(Fig. 52). The earth terminals of these diverters should be bonded to 
the lightning-protective system. For telephone lines gas-filled protective 
spark gaps of the sealed type should be fitted (Lemieux, 1963). 
Telephone protectors are provided in many countries as a matter of 
routine by Post Office authorities but an installation of surge diverters for 
the protection of domestic installations has frequently to be paid for by 
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the consumer. In countries with severe lightning activity this expenditure 
must be regarded as justified, particularly in rural areas where repair of 
damage to installations and equipment may be costly and slow. In built- 
up areas and in countries of moderate lightning activity, the expenditure 
cannot be justified on purely economical grounds. 

Recommendations concerning overhead electricity supply connections 
to a building vary in accordance with the prevailing methods of installa- 
tion. Where the support carrying the overhead line conductors is installed 
on the wall of the building, the metal support should be earthed and, if the 
building is protected against lightning, the earth terminals should be 
bonded. If the supply line is connected to a metal support on the roof of 
the building it is recommended, in the German Code, that the support be 
installed at a distance of 1m, or preferably more, from the lightning- 
protective system and that the connection be made through an insulated 
conductor and enclosed protective gap, as shown in Fig. 53. In the Aus- 
trian Code it is suggested that the insulated conductor be separated from 
the lightning protection by an air gap. These precautionary measures are 
based on the consideration that, in the case of certain types of fault on the 
supply system, the support can be raised to a potential with respect to 
earth and, if the earth connections of the support and the lightning- 
protective system were bonded, the resulting fault current could flow 
through the lightning conductor and could prove hazardous to a person 
touching it. In supply systems with rapid and sensitive earth-leakage 
protection this precaution seems unnecessary. 
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Fig. 53 Protected bonding of lightning conductor on roof to metal support of 
electrical house installation (German Code) 


In an unprotected building the electrical installation frequently carries 
the brunt of any lightning damage since the conductors and metallic con- 
duits offer the lightning discharge a convenient path to ground. Without 
proper lightning protection of the building such damage cannot beavoided. 
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7.9 Structures with flammable roofs and farm buildings 


In many parts of the world traditional methods are widely used to cover 
the roofs of dwellings with soft indigenous material, such as straw, reed, 
heather, grass or coconut leaves. Such material is highly flammable and, 
according to prevalent atmospheric conditions, can be easily ignited. This 
danger is particularly prevalent in tropical areas where grass or leaves are 
used which can be set alight by a small spark or by excessive temperatures 
as exemplified by the bush fires which are known to sweep across wide 
areas of the tropics. According to the South African Code thatch is parti- 
cularly prone to ignition because it is liable to become fluffy at its surface 
and, if moist, methane and other flammable gases can be formed. It is for 
these reasons that particular attention is paid to the protection of 
thatched roofs in the South African Code although references to such 
structures are also to be found in several other Codes. 

The lightning protection of such buildings is governed by the general 
considerations discussed in the preceding Sections. However, in addition 
two further precautions must be taken. Firstly sparking must be avoided 
as far as at all possible and secondly direct contact between the hot 
lightning channel and the roof cover must be prevented. In order to avoid 
sparking, the number of joints in the roof-conductor system should be 
kept to a minimum and these should be particularly carefully executed. 
Recommendations for the design of the air-termination network differ. 

In the South African Code protection by a single free-standing mast or 
by a system of such masts is preferred. This method has the great advan- 
tage of keeping a lightning strike away from the building but it is also 
subject to the limitations in the protective effect of a lightning rod dis- 
cussed in Section 4.3 which are clearly recognized in the South African 
Code. 

Where a roof-conductor system is preferred, three alternative methods 
can be adopted. If the ridge of the roof is fitted with an electrically 
continuous sheet-metal capping which extends beyond the ends of the 
ridge, this capping may be used as a roof conductor. Alternatively, a 
separate roof conductor can be placed on the roof on strips of im- 
pregnated hardwood or suitable synthetic material of say 10cm width or 
it can be supported above the ridge at a safe distance from the thatch, 
distances of from 0-3 to 05m being recommended. In the Dutch Code 
this distance is reduced to 0:15m but this is associated with the recom- 
mendation that the earthing resistance be kept as low as 2°5Q and that no 
less than 4 down conductors be installed. Other parts of the lightning- 
conductor system must of course be kept at similar distances from flam- 
mable material. These conductors are to be fixed to non-conducting and 
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non-combustible supports as indicated in Fig. 54. The dimensions of the 
lightning conductors to be used in these installations should be the same 
as recommended in Section 6.1. 


Fig. 54 Installation of roof conductor on thatched building (South African Code) 


Thatched roofs are sometimes protected against wind and birds by wire 
netting. If even part of a lightning current was to flow through such 
netting, the thin wires could be raised to melting temperature and the 
roofing material could be set alight. Such netting must therefore be kept 
isolated from the lightning conductor system and the necessary clearance 
should be determined from equation (13). The same procedure should be 
adopted for other metal parts on the roof, such as sheet capping, as well 
as for internal metal, e.g. in the loft. 


corrosion control 
inspection pin 


Fig. 55 Simple protection for farm building (British Code) 


Wooden structures are subject to serious fire losses due to lightning 
(Section 5.1). In Poland an average of 1500 farm buildings and their 
contents were formerly destroyed by such fires every year. These losses 
induced Szpor (1959) to propose a do-it-yourself method of protection for 
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such structures since orthodox methods would have proved financially 
prohibitive. A galvanized steel conductor of 3-5mm diameter, 10mm? 
cross-sectional area, is suspended from timber supports at both ends of 
the roof so that a minimum height of 30 cm is maintained above the ridge 
of the roof. On either side, the conductor is then carried down to ground 
level and buried horizontally in the soil as schematically indicated in Fig. 
55. The length of conductor to be buried is adjusted with a view to 
securing a reasonably low earthing resistance. 

In order to keep the installation costs as low as possible no testing 
joints are required but it is suggested that a separate short length of 
the same conductor be bent into the shape of an inspection pin and 
pushed into the ground near one earthed end of the lightning conductor. 
Periodically this pin is to be withdrawn and checked for any indica- 
tion of corrosion. 

During the first five years after the introduction of this system in 
Poland a total of 280000 farmsteads had been protected (Szpor, 1963). 
Within that same period only 27 fires were started and a total of 15 
conductors were destroyed by lightning. The Polish authorities are fully 
satisfied with the performance of the system which has produced an 
average efficiency of 93-5 per cent. On the other hand, in 15 cases the 
conductors of 10mm7 cross-section were fused, a result which is readily 
explained by reference to Fig. 24. In several Codes, this simplified method 
of protection has been adopted, but with larger conductor sizes. Thus the 
cross-sectional area is increased in the British Code by recommending a 
conductor of not less than 6-5 mm diameter and by restricting its applica- 
tion to farm buildings where the use of copper or aluminium would prove 
economically prohibitive and where costs have to be reduced to a 
minimum. 


8 Protection of 
Tall Structures 


8.1 High-rise buildings 


In principle the protection of a high-rise building is governed by the same 
considerations and rules as apply to lower structures. However, as steel- 
frame or reinforced-concrete construction is invariably used for such 
buildings it is highly appropriate that the inherent advantages offered by 
those types of construction should be fully utilized for the purposes of 
lightning protection. 

Financial considerations which, as discussed in Section 5.1, may occa- 
sionally be adduced to justify the omission of a roof-conductor system are 
unlikely to be applied to high-rise buildings which house either offices or 
residential flats. In either case the roof is likely to be accessible to occu- 
piers so that a roof-conductor system is a necessity. It is equally necessary 
to ensure that any metal parts on, or attached to, the roof are carefully 
bonded to the roof conductors. 

Even if the tower block of a large building covers only a fraction of the 
total built-up ground area, its horizontal dimensions are usually so great 
that, applying the rules described in Section 7.2, a fairly large number of 
down conductors will be needed. It is in this respect that full use should 
be made of the savings in cost and the technical advantages which accrue 
from bonding the roof-conductor system to the steel frame or reinforce- 
ment, preferably at every main stanchion or wall. 

If metal cladding, curtain walling or any other form of extended metal 
adornment is employed on a high-rise building it must be bonded to the 
lightning-protective system in order to avoid a serious risk of side flashing 
to internal metal. In these circumstances it is clearly advantageous to 
incorporate it in the down-conductor system. Such a procedure has the 
further advantage of protecting the fabric of the building against damage 
by lightning strikes to one of its side faces since, in the absence of any 
down conductors on the outer surface, occasional structural damage due 
to a sloping strike must be considered a possibility. 

Metallic services extending over the full height of the structure must 
also be bonded to the roof-conductor system and should thus be utilized — 
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as down conductors. In this connection attention should be drawn to a 
possible risk to electrical cabling. When an impulse current of high rate of 
rise is applied to the sheath of a long cable and if the far end of the sheath 
only is earthed, potential differences can be built up between the cores of 
the cable and its sheath as a result of a series of impulse-voltage reflec- 
tions. If the impulse breakdown strength of the cable insulation is low, 
electric breakdown is liable to occur. Such breakdowns have been 
produced under laboratory conditions but do not seem to have been 
reported in the type of structure under discussion (Laurent, 1958). The 
explanation is likely to lie partly in the comparatively high impulse break- 
down strength of modern cables and partly in the fact that the lightning 
current injected into the roof conductor of a high-rise building is sub- 
divided into so many parallel paths that the amplitude of the current 
flowing through any single cable sheath constitutes only a small fraction 
of that in the lightning current itself. 

When utilizing the metallic framework of a high-rise building and with 
correct bonding to the lightning-protective system of all internal services 
and external constructional elements the installation of separate down 
conductors becomes unnecessary (Fig. 56). Furthermore, such a structure 
now approaches the condition of a Faraday cage (Section 5.5) so that the 
risk of internal side flashing is practically eliminated. 

Special rules for the lightning protection of high-rise buildings are 
given in only a few national Codes. Where these are considered, emphasis 
is laid on the need to bond all underground metallic services entering 
such a structure to its earth-termination network. This may consist either 
of a ring conductor or of rod electrodes. If rod electrodes are used, these 
must be suitably positioned around the base of the structure. As men- 
tioned in Section 7.4 such rods should preferably be driven into virgin soil 
below the level of the foundations and it is therefore essential that their 
positioning be agreed upon in the design stage of the building. 

If all metal services entering the building below ground level are 
bonded to the earth electrodes the ohmic value of the earth-termination 
network is immaterial (Section 7.3). It has already been strongly recom- 
mended that all service pipes leading from ground to the top of the 
building be bonded to the lightning-conductor system not only at ground 
level but also at their highest points. It is indeed advisable, where pos- 
sible, to effect additional bonding at one or two intermediate levels. 
However, many other metal parts of short length are likely to be found on 
a high-rise building, such as metal balustrades on balconies, window 
frames etc. The question thus arises whether such components should be 
bonded to, or kept isolated from, the lightning-protective system. 

It is shown in Section 7.6 that, for a building of ordinary height, the 
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down conductors can be replaced by their inductances for the purpose of 
calculating the minimum permissible clearances. In a tall building the 
length of the down conductors may become comparable with the equiva- 
lent front length of a lightning current and it has therefore been argued 
that such down conductors have to be represented by their surge im- 
pedances (Section 7.4). For a vertical down conductor the numerical 
value of the surge impedance is of the order of 400Q and with this value 
the potential differences have been evaluated (Roguski, 1967) which arise 
between a roof conductor and an adjacent metal component. 

These calculations, while familiar to a person concerned with problems 
of surge propagation on electrical transmission lines, are somewhat puz- 
zling to the non-expert and it is therefore pertinent to examine to what 
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Fig. 56 Protection of high-rise building 
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extent they are essential in the present context. The front length of the 
current in a first lightning stroke is of the order of 10 us (Section 3.3). 
Assuming that the lightning current is discharged through a down con- 
ductor with the velocity of light, namely 3 x 10° m/s, 10 ps is equivalent to 
a length of 3 x 10° x 10~° = 3000m. In a building of 300m height, the 
lightning current would therefore have to be reflected down and up five 
times over the full height of the building before the crest of the lightning 
current has been reached. Under such conditions it is legitimate, for 
practical purposes of calculation, to replace a down conductor by its 
inductance as has been done in Section 7.6. 

Turning to a subsequent stroke in a multiple lightning flash, its front 
length is no more than 1 ps, equivalent to 300 m. In this case, application 
of the surge-impedance concept is justified in principle. However, in a 
high-rise building the entire steel frame or reinforcement, all of which 
should be metallically interconnected, participates in the discharge of a 
lightning current, and so do all vertical service pipes which, as stated 
above, should be bonded at top and bottom to roof conductors and 
earth-termination network respectively. There exists therefore a great 
multiplicity of parallel down conductors so that, as mentioned earlier, the 
entire metal network tends to represent a Faraday cage in which the 
problem of side flashing does not arise. In such circumstances calculation 
of roof potentials is of academic interest only. 

For practical purposes it can be stated that metal components of 
moderate length on the surface of a high-rise building can be left isolated 
from the lightning-protective system if the clearance through air exceeds 
one metre. For internal metal this distance can be halved. 

Particular attention should be paid to communal television aerials 
installed on the roofs of high-rise buildings. Considerable damage can be 
caused to receiving equipment and wiring systems unless the protective 
measures recommended in Section 7.7 are carefully applied. 


8.2 Chimneys and cooling towers 


Tall all-metal chimneys require no lightning protection but they must be 
earthed. 

A severe lightning strike to a brick-built chimnvy would result in ser- 
ious cracking or even in partial collapse. Such chimneys must therefore be 
protected by at least two down conductors connected at the top to an 
existing metal capping or to a circular conductor of at least standard 
dimensions. The down conductors should be earthed and where a risk of 
dangerous step voltages (Section 7.3) is liable to arise the numerical value 
of the earthing resistance should be kept low. Continuous metal ladders 


112 Lightning Protection 


or metal lining can be used as down conductors but they should in any 
case be connected to the lightning conductors. The sheath of an electrical 
cable, supplying for instance aircraft-warning lights, should also be 
bonded to the lightning-protective system and the advisability should be 
considered of fitting surge diverters between the wiring conductors and 
the sheath at the highest point conveniently available for the reasons 
outlined in the preceding Chapter. 

On chimneys, cooling towers or other similar tall structures built from 
reinforced concrete the reinforcement, if electrically continuous from top 
to bottom, can be used in place of separate down conductors. The resis- 
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Fig. 57 Protection of reinforced-concrete chimney 


tance of the entire reinforcing structure should not exceed a fraction of 
an ohm. The reinforcement must be bonded to the metal capping or, if 
absent, to a ring conductor on the top of the structure (Fig. 57). In some 
Codes additional vertical finials are recommended but their purpose is 
difficult to discern. 

A structure protected in the foregoing manner is still liable to be struck 
at its vertical surface by a lightning discharge approaching in a slanting 
direction. In order to afford a degree of protection against such strikes it 
is recommended in some Codes that tall reinforced structures should be 
provided with external down conductors and that the internal reinforce- 
ment merely be connected to earth. Such a design would seem to be open 
to two objections. In the first place, if the reinforcement is not bonded to 


Protection of Tall Structures 113 


the lightning-protective system at its highest point a serious risk of an 
electrical breakdown through the concrete shell arises, considering the 
high inductive potential with respect to the reinforcement to which the 
top of the structure can be raised. Secondly, as stated in Section 7.1, 
the air-termination network on a flat roof is usually recommended to 
have a mesh size of not more than 15 to 20m. In order to secure the same 
degree of protection, the external down conductors on a tall structure 
would therefore have to be so spaced as to provide distances not exceed- 
ing these values. No reference to this fact is incorporated in the Codes in 
which such conductors are recommended. 

Where stay wires are used to support a tall chimney the wires should be 
bonded to the lightning-conductor system at their upper ends and their 
lower ends should be earthed. 

Lightning conductors on top of many chimneys are subject to severe 
risk of corrosion. If copper conductors are used these should be lead 
coated and the coating should not be removed at joints. This treatment 
should extend below the chimney top for a distance which, according to 
the degree of corrosive risk, is given as between 1 and 8m. Galvanized 
steel conductors for use in this position should have a diameter of not less 
than 16mm according to the German Code and this size should also be 
used for at least 3 m below the top; the remainder can have a diameter of 
10mm or strip measuring 30x3-5mm. The anti-corrosive coatings 
recommended in Section 6.3 have also to be applied. The use of alumin- 
ium on factory chimneys is not permitted. 

In recent years tall chimneys have been constructed from pre- 
fabricated sections of resin-bonded glass-fibre laminates. Such chimneys 
are invariably supported by steel stay wires connected to the chimney at 
several levels. Such stays should be earthed but no further precautions 
seem necessary since it may be assumed that a lightning leader stroke will 
be attracted to the upper terminal of one of the uppermost stay wires. 
These terminals are liable to give rise to pronounced point discharges and 
time will show whether these have any detrimental effect on the glass 
fibre. 


8.3 Churches and monuments 


Reference is made in Section 5.1 to the large number of unprotected 
churches which were damaged or set on fire by lightning in the 18th and 
part of the 19th century. Occasionally, protected churches have also been 
damaged by lightning but in these cases it has usually been found on 
examination (Hésl, 1961; Blumhagen, 1962) that the lightning conductor 
had an inadequate cross section or that bonding, particularly to the bell 
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frame or the clock-winding mechanism in the steeple, had been omitted. 

A similar tale of destruction could be related for monuments The most 
famous case is possibly the campanile of St. Marks in Venice which is 
over 100m high and which was damaged or completely destroyed nine 
times between the years 1388 and 1762 until a lightning conductor was 
fitted in 1766 (Schonland, 1964). However, instead of delving into past 
history a recent case may be quoted which, although it does not involve a 
particularly tall monument, indicates the danger to which priceless anti- 
quities are subject even in our own days. 

Plate 5 shows a corner of the temple of Aphaia at Aegina in Greece 
(Marinatos, 1969). The corner column marked by an AEE been 
preserved up to about the middle. The upper part had been restored by a 
new tambour of porous stone and both the original capital and architrave 
had been placed in their correct positions. On 16 January 1969 the 
column was struck by lightning and was shattered into fragments; pieces 
were flung over distances up to 15m as shown in Plate 6. Although the 
ancient capital and the architrave fell to the ground they remained almost 
undamaged while the lower part of the column which remained in its 
Original position was split down to its base. As far as can be judged from 
photographs the original part of the column was cracked and if it can be 
assumed that this crack contained moisture the resulting explosive 
damage can be readily explained (Section 5.3). 

The foregoing case which is by no means unique poses a problem of 
exceptional difficulty for the responsible authorities who wish to preserve 
the aesthetic beauty of ancient marble or stone buildings, a task which is 
almost impossible to fulfill if adequate lightning protection is to be 
provided. Other monumental structures can be protected much more 
easily even though the cost of the installation may be considerable as 
instanced by the protection provided for the pinnacles on the Bodleian 
complex of Oxford University (Plate 7). 

Churches or monuments having a steel frame or built of reinforced 
concrete are to be treated as any other similar structure in accordance 
with the concepts described in Section 8.1. The main body of a church or 
a similar large building built of brick should also be protected in accor- 
dance with general recommendations. Brick-built steeples can be pro- 
tected by a single down conductor according to the British Code but, 
according to most other Codes, should be provided with two such con- 
ductors. These differing recommendations are not so much due to techni- 
cal considerations as to reliance placed on periodic inspection. Thus two 
corroded or damaged down conductors are clearly of less use than a 
single perfect conductor. Bonding between the lightning conductor and 
internal metal in a tall steeple is essential, particularly for the electric-light 
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Plate 5 Temple of Aphaia at Aegina before lightning strike. + Column struck 
apparently at this point (Courtesy Prof. S. Marinatos, 1965) 


Plate 6 Temple of Aphaia at Aegina after lightning strike (Courtesy Prof. S. 
Marinatos) 
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Plate 7 Lightning protection of Bodleian Library, Oxford (Courtesy University of 
Oxford) 


Protection of Tall Structures 117 


and power installation (Fig. 58). The lightning-protective system of a 
steeple should be earthed at its base but should also be interconnected 
with the system protecting the nave and other adjoining parts of the 
building. 

Square or rectangular towers ought to be provided with a roof conduc- 
tor following the contours of the construction. This may be unsightly but 
a multiplicity of vertical finials is open to at least the same objection. Two 
down conductors are required on opposite sides of large towers. 

Monuments which are open to the public and which are situated in a 
prominent position so as to afford a good view of the surrounding 
countryside require lightning protection not only to prevent their being 
damaged but even more for the protection of people who may seek shelter 
during a thunderstorm (Section 12.3). Any metal parts which are readily 
accessible should be earthed and this applies particularly to staircases, 
railings and flag poles. 


8.4 Telecommunication structures 


Towers and masts of several hundred metres height have been, and 
continue to be, erected in various parts of the world to support the diverse 
aerial systems serving local or world-wide telecommunication require- 
ments. Some of these towers are situated in cities and may have restau- 
rants or viewing platforms where the public can congregate. Others are 
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Fig. 58 Protection of tall steeple 
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built on the tops of remote mountains or hills where they are operated 
fully automatically without attendance for long periods. Because of their 
height such structures are liable to sustain a large number of lightning 
strikes and, if positioned on rocky ground, their equipment can be sub- 
jected to large potential differences. It is therefore not suprising that, 
during the first years of their operation, some of these transmitters were 
frequently put out of action and that their equipment was often damaged 
(Otterbech, 1961). Protection against the effects of lightning must thus be 
concerned with the risks of damage to the structure, to the equipment and 
to staff or visitors. 

The protection of this equipment is outside the scope of this book, yet it 
exerts a strong influence on the extent of the lightning protection to be 
provided because of the extreme vulnerability of many telecommunica- 
tion components against impulse voltages, particularly if these incorpor- 
ate solid-state devices. Such components can be destroyed by potential 
differences amounting to just a few tens of volts. 

Both on mountain tops and in plains steel-lattice structures are being 
widely used and occasionally tubular steel structures have been erected. 
Neither of these types of structure requires any additional lightning 
protection but they must be effectively earthed. Protection of the aerial 
system as well as earthing and bonding requirements are subject to the 
same considerations as discussed below. 

In concrete structures the metal reinforcement can be used as down 
conductors (Birchby and Moxon, 1970) but in the German Code which 
deals at some length with telecommunication structures it is suggested 
that, in addition, four galvanized steel conductors of 20 x 2:5mm cross 
section be installed, equally spaced around the circumference, and in 
close proximity to the outermost reinforcing bars. These conductors 
should preferably be welded to the reinforcing bars by circular conduc- 
tors arranged every 20m of height. 

In very tall towers the normal reinforced concrete construction 1s likely 
to be strengthened by the use of high-tensile steel and say four of these, 
equi-distantly spaced around the circumference, might be welded 
together over their entire length to provide more positive conduction for 
lightning currents. This method has been adopted for a 330 m high tower 
(Bartak and Shears, 1972; Thomas, 1972) which is shown in Fig. 59. Such 
steel rods are fully adequate as down conductors. All extended metal 
components on the inside and the outside of such a tower, such as metal 
sheaths of cables, lift-supporting steel work, ladders and hand rails, must 
be bonded to the constructional metal as a matter of course. Where such 
metal extends over the full height of the tower, bonding should not only 
be effected at the top and bottom but also at regular vertical intervals. 
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Fig. 59 Protection of television tower at Emley Moor (Thomas, 1972) 
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As mentioned in Section 4.3 a tall structure is not necessarily always 
struck at its highest point. Protection has therefore to be provided for 
viewing or operational platforms or restaurants at whatever level these 
may be installed. A circular conductor surrounding such a platform and 
bonded to the internal structural metal should be adequate to protect 
staff and visitors against risks of side flashing. 

Transmitting aerials, of whatever form and shape, are usually made of 
sufficiently strong metal to withstand the effect of a direct lightning strike. 
On the other hand, a wave guide of inadequate thickness connecting the 
aerial to the transmitter is liable to be crushed if a severe lightning current 
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Fig. 60 Bonding of bare (a) and insulated (b) feeder cable 


is discharged through it (Roach, 1966). To avoid this risk or to prevent 
electrical breakdown of a feeder cable it is essential to divert the largest 
possible part of the total lightning current away from these components. 
If the wave guide has a bare outer conductor this should be bonded to 
adjacent structural metal as shown in Fig. 60 not only at its upper and 
lower ends but also at several intermediate heights. If the wave guide is 
protected by an outer sheath of insulation or if an insulated feeder cable is 
used, bonding to external metal should be effected at both ends but, in the 
case of a feeder cable, protective devices may have to be connected at the 
uppermost termination between the inner cores and the cable sheath to 
prevent electrical breakdown. 

On the tower shown in Fig. 59 some of the aerial systems are installed 
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on a steel-lattice structure on top of the tower. This entire superstructure 
which has a height of about 50m is surrounded by a glass-reinforced 
plastic cylinder. In order to protect this synthetic material against 
damage by lightning two copper rings are fitted externally at the 305m 
and 330m levels respectively and these are bonded to the internal steel 
structure. ; 

Power and lighting cables, e.g. for aircraft warning lights, should be 
protected at their highest points by surge diverters connected between 
cores and metal sheaths. Similar protection should be provided for in- 
coming electrical supply lines or cables so as to minimize the amplitudes 
of lightning overvoltages which can be transmitted from the outside into 
the installation. 

Greatest importance is to be attached to the provision of an efficient 
earth-termination network of the tower and all metal services, including 
telecommunication and electricity-supply cables and transformer neu- 
trals, should be connected to it (Bodle). In order to prevent the occurrence 
of any potential differences within the structure this should be provided 
with a buried peripheral tape conductor. In city areas this will usually 
suffice (Section 7.4) but on soil of high resistivity, and particularly on 
rock, two ring conductors may be provided with advantage. One of these 
should be installed at the bottom of the foundation to which the reinfor- 
cement is to be connected. A second ring conductor should be provided 
by blasting a circular trench around the shaft of the tower and by placing 
in it a strip conductor which must be thoroughly compacted in backfill. 
The two ring conductors would of course have to be electrically intercon- 
nected. In the presence of geological faults of relatively low specific resisti- 
vity it would be advantageous to drive short spikes into these layers and 
to connect these to the upper ring conductor as indicated in Fig. 61 to 
assist in the effective discharge of lightning currents into the body of the 
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Fig. 61 Earthing arrangement for a telecommunication tower on rock 
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earth. If a mountain railway is within easy reach, the earthing system 
should be bonded to its rails. A maximum permissible earthing resistance 
for the entire installation may be prescribed by the operating authority. 

The probability of a station building near the base of a tall tower 
receiving a direct lightning strike is remote but cannot be ruled out 
completely. If it is deemed advisable to provide such a building with 
lightning protection this should be guided by the rules applying to any 
other structure of the same type of construction. However, whether 
lightning protection is provided or not, such a building and particularly 
the equipment in it must be efficiently earthed and must be bonded to the 
earthing system of the tower. 


9 Protection of 
Danger Structures 


9.1 General considerations 


The term ‘danger structure’ in the present context is intended to cover any 
object which is subject to an explosive risk. It includes a wide range of 
structures, such as munitions factories and stores, petro-chemical plants, 
buildings in which explosive dust/air mixtures can accumulate, fuel and 
gas-storage tanks, underground tunnelling and mining operations, 
aircraft, and a variety of military installations, although the last-named 
must, for obvious reasons, remain outside the scope of this book. 

One of the worst disasters caused by lightning occurred in 1769 when 
an explosion of the arsenal in Brescia, Italy, destroyed a large part of that 
city killing about 3000 people. While a disaster of this magnitude has 
fortunately not been repeated, explosions or serious fires caused by 
lightning are by no means rare events. Considering the increased power of 
modern explosives and the growth of industrial installations involving 
high inherent risk the most detailed attention must clearly be devoted to 
the lightning protection of all such objects. 

Despite the great variety of types of structure involved the main pos- 
sible causes of an explosion due to lightning can be identified as common 
to most of them. These are: 


ignition of an explosive mixture by the lightning channel or by an 
electric spark; 

penetration of a metal enclosure; 

temperature rise in a metal container; 

ignition of a gas/air mixture by point-discharge current; 

mechanical impact caused by a direct strike; 

earth currents. 


Before examining these factors one point needs emphasis. The lightning 
protection of an ordinary structure is based on semi-statistical considera- 
tions in the sense that complete protection against lightning is econo- 
mically unacceptable and practically unnecessary. If protection against 
say 98 per cent of all likely lightning strikes can be provided this may be 
deemed adequate. This argument can no longer be accepted for many 
danger structures. To give only one example, if an atomic weapon can be 
set off by a direct lightning strike then it must be protected against this 
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risk with absolute certainty. Although this is an extreme case, an explo- 
sion in a huge petro-chemical plant could have such disastrous effects that 
no cost is spared to prevent its happening. When considering the light- 
ning protection of a danger structure it must therefore be regarded as an 
overriding rule that expert advice be enlisted and that any calculation, 
concerning say the risk of side flashing or penetration of metal, be based 
on the most severe lightning discharge liable to be encountered. 

With these introductory remarks in mind the points listed above may 
now be examined. 

In certain manufacturing plants, and in particular during venting opera- 
tions, potentially explosive mixtures of gases or vapours and air can be 
released into the atmosphere. The distances from the outlet over which 
such explosive mixtures can persist are a function of the chemical sub- 
stance involved, its rate of emission and wind velocity (Steen, 1971). In 
particularly dangerous cases these distances can extend over several tens 
of metres. If a lightning channel passed through, or occurred near, such a 
mixture an explosion could ensue. Complete protection against such an 
occurrence is almost impossible to achieve. In order to minimize the risk 
deliberate venting should be avoided, as far as at all possible, while an 
active thunderstorm is overhead and the vent should be fitted with a 
flame trap so as to prevent an explosion in the air being transmitted 
through the vent pipe into the installation. Where possible, vents should 
be made from non-conducting material to reduce the probability of a 
lightning strike. 

Electric sparking can be produced by a side flash, by a poor contact 
between pieces of metal or by the breakdown of a piece of electrical 
equipment. The most stringent precautions must therefore be taken to 
prevent sparking due to side flashing within a zone containing such a 
mixture. This necessitates careful bonding to the lightning-conductor 
system of all incoming metal services and this may even have to be 
extended to such small items as metallic window frames. Inductive loops 
have to be avoided with greatest care. As indicated in Fig. 62, assume a 
vessel producing an explosive gas mixture near a factory wall with an 
internal bonding strip A, as arranged in any room containing explosives 
for the purpose of reducing the build-up of static voltages. If the vessel is 
earthed as indicated the inductive potential differences produced between 
points A and B by a lightning discharge can be sufficient to lead to a side 
flash between these points. Such a vessel would have to be moved to a safe 
distance from the wall or would have to be connected to the bonding strip 
A by a horizontal connection as indicated by the dotted line. 

Bolted or riveted connections between adjoining or overlapping metal 
sheets are inadmissable since sparking cannot be avoided in these circum- 
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stances with certainty. All joints between components of the lightning- 
protective system must be prepared with special care and these should be 
periodically checked. If metal parts are separated by sealing strips these 
must either be made conductive or bridged by an adequate number of 
metal strips or clamps. 

Breakdown of electrical equipment with resulting sparking can be 
caused by an overvoltage impressed on the electrical power installation. 
Unless electricity is generated within the structure the supply to a danger 
structure should therefore be provided through an underground cable of 
several hundred metres length, the sheath or armouring of which must be 
bonded to the lightning-protective system at the entrance into the struc- 
ture. In addition, if the cable is connected to an overhead line, surge 


Fig. 62 Risk of side flashing due to inductive loop 


diverters should be connected directly between phase conductors and 
cable sheath at the transition point of the cable to the overhead line, as 
indicated in Fig. 63 and the impulse-sparkover voltage of these diverters 
should not exceed one half of the impulse-breakdown voltage of the 
weakest piece of equipment connected to the supply system. 

The penetration of metal by a lightning current is examined in Section 
5.3. It is shown there that it is not yet satisfactorily established whether 
penetration is exclusively a function of the charge associated with the 
lightning current or whether the duration of current flow is also of impor- 
tance. Experimental investigations have shown (Fig. 26) that an alumin- 
lum sheet of 8mm thickness can just be penetrated by a current lasting 
O-1s and conveying a charge of about 150 coulombs. As indicated in 
Section 3.3 a charge exceeding 400 coulombs may be associated with an 
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exceptionally severe lightning strike. Extrapolation of Fig. 26 would sug- 
gest that a sheet of a little over 1cm thickness could be expected to 
withstand even the heaviest discharge. Such a value might be acceptable 
for pipes containing petro-chemical products and containers of explosives 
but it would be quite unacceptable for modern aircraft (Section 9.5). 

Limited experimental information appears to be available on the tem- 
perature rise of a metal sheet when subjected to a lightning current. In one 
such test (Ryzko, 1958) an arc of about 200A lasting 1s was applied to a 
steel sheet 1 cm thick. The temperature rise on the remote side of the sheet 
was found to be about 110°C and it was concluded that this, even if 
superimposed on the temperature assumed by a fuel tank in full sunlight, 
was insufficient to cause ignition of a fuel/air mixture. 

In another investigation (Robb et al, 1958) a current representing a 
typical lightning stroke and involving 200 coulombs was applied to an 
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Fig. 63 Overvoltage protection of electricity supply to danger building 


aluminium sheet of 3-2mm thickness. A small area opposite the striking 
point was raised to a temperature approaching 300°C (Fig. 64). Both this 
and the foregoing result were found to be in agreement with mathemati- 
cal prediction. In the latter investigation it was shown that a mixture of 
aircraft fuel and air will indeed explode when the skin of the fuel tank is 
punctured. It has also been found (Bragg et al, 1968) that, under certain 
atmospheric and flight conditions, a fuel/air mixture can be spontan- 
eously ignited by a hot spot directly opposite a lightning strike to a fuel 
tank. However, while these possibilities have to be seriously considered in 
the design of aircraft it has yet to be shown whether similar risks can arise 
in other installations, such as the pipe lines used in the petro-chemical 
industry. 

As explained in Section 2.3, point-discharge currents are produced 
from tall earthed metal structures while these are under the influence ofa 
charged thundercloud. Metallic exhaust stacks or vent pipes are subject 
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to the same phenomenon. The question thus arises as to whether a point 
discharge from the top of such a stack or pipe is capable of igniting 
certain gas/air mixtures. The question seems particularly important be- 
cause of the prolonged periods over which point-discharge currents can 
be maintained and because of the heights of some stacks. 

It has been stated categorically (USA Federal Aviation Agency, 1967) 
that the exhaust gases of aircraft can be ignited by point-discharge cur- 
rents. In the absence of comprehensive experimental results (Markels 
et al, 1968), there are three possible precautions which can be taken to 
avoid any possible risk. In the first place, venting of potentially explo- 
sive gases should be avoided as far as possible under thundery conditions. 
Secondly, at least the upper sections of tall stacks should be constructed 
of insulating material, e.g. resin-bonded glass fibre. Thirdly, metal stacks 
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Fig. 64 Temperature rise on back of 3-1 mm (gin) thick aluminium sheet for 20 
coulomb discharge (Robb et al, 1958) 


should be fitted with corona rings (Fig. 65) by which the onset of point- 
discharges can be greatly delayed or even eliminated. 

Some explosives, e.g. nitro-glycerin, are liable to explode when sub- 
jected to a mechanical shock. Such a shock can be produced by a direct 
lightning strike and pipes and containers for such a material must there- 


fore be protected against this risk. 
Earth currents produced by a lightning stroke to ground can cause the 


ignition of an electric fuse or detonator. Such currents have to be guarded 
against in underground installations; this question is discussed in Section 
9.4. 


9.2 Structures above ground 


The protection of danger structures is considered in all national Codes. 
The most detailed recommendations are contained in the Dutch Code 
in which a distinction is made between three classes of risk. Less specific 
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but similar distinctions are made in other Codes, having regard to the fact 
that some installations may involve only small quantities of explosive 
material or that the consequences of ignition are not deemed particularly 
serious because of the type of structure, its isolation or its strictly limited 
accessibility. 

In principle, a distinction may conveniently be made between struc- 
tures where a direct lightning strike can be tolerated and those where such 
a strike must be diverted from the building. In the former case, the rules 
governing the lightning protection of an ordinary structure as outlined in 
Sections 7.1 to 7.8 have to be supplemented by certain safeguards which 
are primarily designed to reduce the risk of sparking. Thus the air- 
termination network should be so extended that the dimensions of the 


Fig. 65 Corona shield on vent pipe 


mesh are reduced to a maximum distance of 3 to 5m between parallel 
roof conductors. The number of down conductors may have to be in- 
creased to prevent side flashing even for the most severe lightning 
discharge and special attention must be paid to a low earthing resistance 
and to bonding connections between metal in, or on, the building and the 
lightning-protective system. 

If the building has small horizontal dimensions protection can be 
provided by one or more vertical masts. The assumed protective angle 
should in this case be reduced to 30° for a single lightning rod and to 45° 
for the space bounded by several conductors although, outside that space, 
an angle of 30° should be maintained. This method is particularly suitable 
for small explosives stores or fuel tanks which are mounded so that fairly 
short masts can be used (Fig. 66). 
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Fig. 66 Protection of mounded danger structure 


For buildings of larger dimensions and involving high explosive risk 
protection should be provided by a system of catenaries suspended from 
tall masts as shown in Fig. 67. The assumed protective angles of these 
catenaries should have the same values as mentioned above and they 
should be interconnected at the tops of the masts so as to form a sus- 
pended mesh the width of which should not exceed say 5 to 10 m accord- 
ing to the degree of risk involved. 


Fig. 67 Protection of danger structure by shield wires 


Where a catenary system is used the lightning current should be con- 
ducted away from the structure to be protected and this is best accom- 
plished by buried strip conductors connected to the masts and radiating 
away from the structure as shown in Fig. 68. In these conditions the 
earthing system of the masts should not be bonded to any buried metal 
services leading into the structure and these should in fact be kept as far 
apart as possible. 

Side flashing from the catenary system to the roof of the structure must 
of course be prevented. In order to illustrate the method of calculation let 
us assume a small structure protected by a single catenary wire of 1cm 
diameter and 10m length, having a mean height of 5m above ground. 
The first step consists in calculating the inductance L of a single shield 
wire and its supporting masts from: 


2h 
L=2x10"’x!/x log, — henry (14) 
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where 1 is the length of the catenary in metres 

h its median height above ground in centimetres 

r its radius in centimetres 
With the foregoing numerical values this gives: 

1000 
"E02 
= 1:52 x 107° henry 

The potential with respect to earth of the point struck then becomes 
u = Ldi/dt and, taking the maximum rate of rise of the lightning current 
as 8 x 10'° A/s, this gives: 

u= 1:52x107*°x8x 101° = 1:2 10° V = 1200key- 
As shown in Section 7.6, the breakdown strength of air for an inductive 
potential difference can be taken as 900k V/m. For the present example a 
minimum clearance of 1-3 m is therefore adequate. 

Electricity supply to a danger structure should be provided through 
metal-sheathed cables and if these are connected to an overhead line they 
should be protected by surge diverters as described in Section 9.1. All 
connections used for telemetering or closed-circuit television must also be 


metal sheathed and all these sheaths must be bonded to all other metal 
services and to the common earthing system of the structure. Television 
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Fig. 68 Plan view of arrangements of shield wires above danger structure and 
buried strip conductors 
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aerials should not be installed on danger structures and metal fences and 
trees should be removed from the immediate vicinity unless they can be 
securely incorporated into the lightning-protective system. 

Large petro-chemical plants usually contain so much steel work that, 
by judicious planning, direct lightning strikes can be diverted from 
danger zones and pipe lines. Pipes conveying flammable liquids or gases 
should be electrically continuous, they should be earthed at frequent 
intervals, and they should be bonded to structural steelwork where they 
enter a building. Vent pipes should be kept as low as possible and should 
preferably be made from non-conducting material. Tall vent pipes may be 
fitted with suitable corona rings (Fig. 65). 

Sealed metal tanks for the storage of highly flammable liquids and 
vapours require no air-termination network provided the metal has 
adequate thickness. In various Codes this is specified as from 4 to 5mm 
but reference should be made to the comments in Section 9.1. The tanks 
should preferably be earthed to a buried ring conductor or through at 
least two earth electrodes and the earthing systems of individual tanks in 
a tank farm should be interconnected. As far as possible the material for 
the earthing system should be the same as that of the tanks to reduce the 
risk of corrosion. Where cathodic protection is installed the precautions 
described in Section 7.4 should be applied. 

Greatest care must be taken to bond to the tank any metal pipes or 
cables entering the structure. The importance of this rule may be illus- 
trated by the explosion of a fuel tank as the result of a direct lightning 
strike to the tank roof (von Thaden, 1966). The tank was fitted with an 
electrical measuring device which floated on the fuel and which was 
connected to a supervisory centre through a buried sheathed cable. As 
sketched in Fig. 69 the cable was led into the tank through a small 
insulating roof bushing. As a result of the lightning strike the roof was 
raised to a high potential with respect to earth while the sheath of the 
measuring cable remained at earth potential. The resulting side flash 
caused an ignition of the fuel/air mixture. This accident could have been 
readily prevented had the cable sheath been bonded to the tank roof at 
the point of entry. 

Steel tanks with non-metallic roofs should be fitted with an air- 
termination network which might be supported on the shell of the tank. A 
tank with floating metal roof is endangered not only by a direct lightning 
strike to the roof but also by the possibility of a side flash from the roof to 
the shell on the occurrence of an earth flash in the vicinity. This phen- 
omenon is explained in Section 5.5 and, in view of the large capacitance of 
such a roof, this possibility should be given due consideration. The usual 
pantograph linkage of the sealing assembly is inadequate to prevent 
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Fig. 69 Fuel tank with electrical measuring device (von Thaden, 1966) 


sparking between roof and tank both because of the inherent inductance 
of the discharge path and because of bad electrical contacts at the link- 
ages. It is therefore unsuitable for purposes of effective bonding. Sliding 
metallic contacts equalling the number of pantograph linkages are 
required to prevent sparking but if these cannot be provided and where 
the lightning risk is high an overhead shielding system may be required. 


9.3 Structures below ground 


Certain manufacturing plants involving particularly high explosive risks 
are installed underground. Such installations can be made fully lightning 
proof, provided all the services leading into the plant are also laid under- 
ground and vent pipes are constructed from non-metallic material and 
fitted with flame traps. 

Under these conditions all that is necessary is to prevent dangerous 
earth currents from flowing into the structure. This can be done by a 
buried air-termination network which should cover the entire surface 
area of the installation and some distance beyond. A mesh width of 10m 
should prove adequate, although a width of 5m is required for highly 
dangerous buried structures in the Dutch Code. 

If such a large air-termination network is buried at a suitable depth its 
effective ohmic earthing resistance is unlikely to exceed a fraction of an 
ohm so that, even if an extremely high lightning current of 400kA is 
discharged into it, its potential with respect to true earth will not exceed 
some tens of kilovolts. As mentioned in Section 7.3 the impulse strength 
of soil varies between about 2 and 5k V/cm. A clearance of less than one 
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metre between the buried air-termination system and any part of the 
structure should therefore be adequate to avoid side flashing. 

In order to render the protective system effective the usual rules for 
bonding any metal services in, or on, the structure to the lightning- 
protective system are to be disregarded. Instead, the entire underground 
installation, including all metal services, should be kept at an adequate 
distance from the protective system to prevent side flashing below 
ground. Bonding within such an installation is governed by the usual 
precautions to prevent static electrification. 

Small buried structures can be protected by an air-termination 
network suspended from masts as described in the preceding Section. 
However, this is likely to prove more expensive than a buried air- 
termination network. For larger installations a suspended air termination 
is not acceptable because the lightning current would have to be dis- 
charged into earth above the structure to be protected. 

The protection of structures below ground is considered in the Codes 
issued in Australia, Austria, Britain, Holland, Switzerland and USA. 
According to the Austrian Code no protection is required if the roof of a 
buried structure is covered by not less than 2:5m of earth and if its 
resistivity does not exceed 200Qm even after prolonged dry weather. 


9.4 Mining and blasting 


Serious explosions and loss of life have occurred in mining and tunnelling 
installations under thunderstorm conditions (Leonard, 1945; Harrington 
et al, 1948; Dale, 1958). In view of the possible presence of explosive gas 
or dust mixtures the lightning protection of such installations should be 
governed by the same considerations as are applicable to other danger 
structures. However, blasting operations introduce the additional hazard 
of premature firing of electrical detonators either by lightning currents or 
by electrostatic charging in a thunderstorm field and it is these phen- 
omena which have been responsible for many fatal accidents. 

When lightning strikes the ground surface the lightning current is dis- 
charged into the mass of the earth as shown on the right in Fig. 70. The 
resultant current distribution is largely determined by non-uniformity of 
the soil since the current will tend to flow, wherever possible, along 
conducting layers or geological faults embedded in poorly conducting 
ground. This condition is accentuated in the case of an unfinished tunnel 
in which metal rails and service pipes short circuit part of the electric field 
in the ground produced by a lightning stroke in the same way as a 
lightning conductor short circuits part of the electric field in air under an 
approaching leader stroke. As shown on the left in Fig. 70 the lightning 
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current is concentrated at the tunnel face. The depth of penetration of the 
lightning current is primarily a function of the prevailing ground resisti- 
vity (Berger, 1963). For soils of low specific resistivity it amounts to no 
more than some tens of metres but for high-resistivity soils potentially 
dangerous current amplitudes can penetrate to depths of several kilo- 
metres. Service experience shows that lightning risks are greatest in 
mountainous regions but are practically non-existent in highly conduct- 
ing soils or in industrial areas where metal rails and buried service pipes 
enable the lightning current to be discharged near the ground surface. 
In Fig. 71 the face of an unfinished tunnel is shown with explosive 
charges and electrical detonators positioned in a large number of blasting 
holes drilled into the rock surface. In preparation for shotfiring the deton- 
ators are connected electrically in series and their ends are bared but they 


tunnel 


Fig. 70 Concentration of earth currents, due to lightning strike, at face of 
unfinished tunnel in poorly conducting ground 

are not yet connected to the blasting wires. In these circumstances three 

different conditions can arise by which the detonators can be prematurely 

fired. 

Let us assume that one bare end of the fuse circuit is in casual contact 
with a metal rail and the other end with the rock surface. When lightning 
strikes the rock surface above the tunnel, a potential difference is im- 
pressed across this circuit and the resulting current through the fuse 
elements of the detonators can fire the explosive charges. Alternatively, 
one or both ends of the fuse circuit can be in contact with one of the rails 
or with the metal structure of the drill carriage which is positioned close 
to the tunnel face. The potential difference between the earthed rails and 
the rock can then become high enough to cause an electrical breakdown 
through the insulation of the detonator, so that this is again subjected toa 
possibly dangerous fraction of the lightning current injected into the rock 
surface. Thirdly, lightning may strike one of the metal rails or service 
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pipes outside the tunnel or it may strike the rock surface nearby. These 
metal parts can then be raised to a high potential with respect to true 
earth and this is likely to differ appreciably from the potential which is 
simultaneously impressed on the tunnel face and the metal cases of the 
detonators placed in it. If one of the detonators’ wires happens to be in 
contact with an earthed metal component, a dangerous current can be 
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Fig. 71 Drilling carriage in front of tunnel face 


discharged through the detonator circuit. The occurrence of potential 
differences between ‘earthed’ metal conductors and rock in a vertical shaft 
has been confirmed by eye witnesses and has been convincingly 
demonstrated (Marshall, 1941) by discharge counters connected as shown 
im: Pasig. 

Several disastrous accidents which were carefully examined during the 
last 25 years could be satisfactorily explained by one or another of the 
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foregoing mechanisms and it is interesting to note that while they oc- 
curred in widely different parts of the world, they all took place in areas of 
high soil resistivity (for references see Berger, 1963). One such accident 
(Golde, 1959) causing the death of four workmen, occurred in the Scottish 
Highlands which are again characterized by very high soil resistivity. In 
this case bonding had been omitted between the rails S of the mucking 
trucks shown in Fig. 71 and the remainder of the metal installations in 
front of the tunnel face. 

A variety of protective measures have been examined to overcome the 
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Fig. 72 Demonstration of potential differences between ‘earthed’ metal and rock 
in deep mine shaft (Marshall, 1941) 


premature firing of detonators but several of these, although theoretically 
attractive, cannot be deemed realistic under the working conditions 
applying in tunnelling operations. Other measures have been widely 
adopted and these are incorporated in those national Codes, namely 
those of Australia, Austria, Rhodesia and South Africa, which cover 
mining and blasting installations. The most effective of these measures is 
the replacement of earlier detonators which were sensitive to energies of a 
few milliwatt-seconds with much less sensitive units which require an 
energy input of up to | Ws for their operation (Berger et al, 1959). This 
latter value has proved adequate to prevent accidents. 
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In order to eliminate the risk of electrical breakdown between the fuse 
element or its leads and the detonator case the fuse head should be 
electrically bonded to the detonator case (ICI, 1965). Such detonators 
must be fitted with an external insulating sheath if the individual deton- 


ators are to be fired in a series connection. A typical detonator is shown in 
Fig. 73. 
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Fig. 73 Electric detonator (a) and details of fusehead (b) (ICI, 1965) 


Premature firing has also been caused by men handling detonators 
during thunderstorm conditions (Frischenschlager, 1963). A man wearing 
rubber boots can be charged to a potential of several kilovolts in the 
electrostatic field under a thundercloud. When picking up an earthed 
detonator the resulting spark has been known to cause the fuse to be 
ignited but this risk is overcome by the design of modern detonators 
which, according to the Austrian Code, must not operate when a capaci- 
tor of 300 pF charged to 20kV is connected between the firing wires and 
the detonator case. 

Explosions have also occurred due to earth-fault currents caused by 
lightning faults on high-voltage lines supplying the site. Means should 
therefore be provided to reduce the amplitudes of earth-fault cur- 
rents of power frequency by the provision of earth wires and 
counterpoises on the transmission lines and to reduce the duration 
of current flow by fast-interrupting circuit breakers. In Switzerland, 
the conditions are strictly defined under which electric firing of deton- 
ators is permissible in the vicinity of electrical supply lines or rail- 
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ways (Schweizerische Unfallversicherungsanstalt, 1965). Where these 
conditions are not fulfilled electric firing is prohibited and has to be 
replaced with a non-electric method. 

In several Codes and manuals it is advised to suspend blasting opera- 
tions and, if time permits, to withdraw the detonators under thundery 
conditions. A decision to do so clearly throws a severe burden of respon- 
sibility on the person in charge and presupposes the availability of rapid 
communication with the personnel at the tunnel face. Time is thus of 
paramount importance and, to provide early warning, thunderstorm- 
warning devices can be used; these are discussed in Section 9.6. 

In many mining operations hazardous atmospheres are encountered so 
that an electric spark could cause an explosion. Sparks produced during 
tunnelling operations can also subject men working underground to 
severe electric shocks. Sparking must therefore be strictly prevented both 
in underground mines and in tunnelling operations. This can be accom- 
plished by a combination of effective earthing at, or near, the ground 
surface and bonding underground. 

The headgear of a mine constructed from metal or reinforced concrete 
should be earthed in accordance with the recommendations given in 
Sections 7.3 and 7.4. If the headgear is made of timber it should be 
provided with a complete lightning-protective system so as to divert the 
largest possible part of any lightning current away from metal compon- 
ents which are supported from the headgear and which reach into the 
mine shaft or adit. All such metal components, e.g. steel runners, ladders, 
pipes and bell-rope winches, should be bonded to the earthing system of 
the headgear at ground level. 

So far as power cables are concerned it is, however, a sound precaution 
to keep their metal sheaths separate from the earthing system of the 
supply network (Transvaal Chamber of Mines, 1964) so as to prevent 
normal-frequency earth-fault currents being transferred into the mine 
shaft. This can be done by inserting a length of unsheathed and unar- 
moured cable between the switch room of the supply system and the mine 
as suggested in the Australian Code. 

Inside a mine shaft, adit or tunnel all metal cable sheaths, service pipes, 
rails, bell-rope winches and other long components should be intercon- 
nected at frequent intervals, e.g. every 50m. The only exception to this 
rule are firing leads which should be highly insulated and should be kept 
as far as possible from any metal components and, where possible, from 
geological faults in the rock. The conductors of the firing leads should be 
twisted together to prevent the development of electromagnetically 
induced voltages. 
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9.5 Aircraft 


The problems associated with the lightning protection of aircraft are so 
highly specialized that they are not normally covered by Codes concerned 
with the protection of structures although references to the need of earth- 
ing aircraft on the ground are made in the US and Rhodesian Codes. 
Aircraft are usually subject to national regulations by which their airwor- 
thiness is assessed. The lightning protection of an aeroplane is governed 
by the same considerations as any other structure but with the develop- 
ment of novel types of aircraft new problems arise periodically (Newman, 
1968) and the question of lightning protection can be examined here only 
in general terms. 

Lightning strikes to aircraft occur at a rate of one in about 3200 flying 
hours (Perry, 1968). The great majority of these develop at altitudes 
below 4000m although occasional strikes have been recorded up to 
8000 m. These locations are determined by the usual heights of cloud 
charges which, in temperate regions, are centred at about 2500 m for the 
negative charge and 6000m for the positive charge; in tropical regions 
both charge centres are higher (Section 2.2). As the cruising height of 
modern aircraft lies above the altitudes quoted it follows that aircraft is 
subject to the highest risk of a lightning strike during periods of ascent 
and descent. 

Aircraft are the only structures which are affected both by earth and 
inter-cloud discharges. As indicated in Section 3.3 little direct information 
is available on the characteristics of cloud discharges but, although they 
contain no high impulse-current components, the maximum charges 
which are involved are likely to be of the same order of magnitude as 
those observed in multiple earth flashes, about 400 coulombs or more. 
Considering the safety of passengers, aircraft must be so designed as to 
withstand the effects of the most severe lightning discharge, be this an 
earth or inter-cloud flash. 

When a metal aeroplane flies through the electric field existing in, or 
below, a thunder cloud it short circuits part of that field. In that respect its 
attractive effect is similar to that of a lightning conductor (Section 4.1). In 
view of its geometrical dimensions and flight position it must be expected 
to short circuit a larger part of the horizontal component of the electric 
field than of the vertical component. In these conditions and since the 
amplitudes of point discharges increase roughly with wind speed (Chal- 
mers, 1967) aircraft are liable to develop particularly intense corona 
discharges from their extremeties and these may become so strong as to 
initiate a lightning discharge (Fitzgerald, 1970) in the same way as a tall 
earthed structure is known to do (Section 3.2). Alternatively, a lightning 
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leader stroke may, in its progress, approach an aircraft and be attracted 
by it. The risk of aircraft accidentally flying into a fully established light- 
ning discharge is fairly remote. Whichever mechanism applies, the light- 
ning current enters the aircraft at one point and leaves it at another 
although, considering that a plane flying at 500 miles per hour covers 
220 m/s, the points of contact may be swept across component parts of 
the aircraft. This is occasionally indicated by a series of pit marks along 
the fuselage (Perry, 1968) and is illustrated in Fig. 74. 
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Fig. 74 Position of lightning strikes on Boeing 707 aircraft — January 1962 to 
December 1967 (Perry, 1968) 


In contrast to aircraft, a rocket short circuits immediately after its 
launch a substantial part of the vertical component of the electric field 
under, or in, a thundercloud. This effect is enhanced by the exhaust which 
may exceed the length of the rocket itself and which is liable to constitute 
a good electrical conductor. A rocket is thus capable of triggering a 
lightning discharge and this has indeed been confirmed by incidents 
during the launching of Apollo 12 (Pierce, 1971). The temperatures in the 
exhaust plume of even the fastest existing civil aircraft are so much lower 
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than those of a rocket that its possible attractive effect on a lightning 
discharge can be discounted. 

The protection of aircraft involves several different aspects, the most 
important of which may be briefly examined. According to the fuel used, 
its level in the tank and prevailing conditions of air pressure and tempera- 
ture an explosion can be caused if the skin of a fuel tank is punctured by a 
lightning strike. The risk of sucha puncture occurring is examined in 
Section 5.3 but for aircraft the thermal considerations are further com- 
plicated by the aerodynamic flow conditions about the surface of a fast- 
flying object. Furthermore, while horizontal lightning flashes may be 
expected to remain attached to the initial points of contact, other strikes 
can be swept over the surface of the aircraft as mentioned above. The 
mechanism of this sweeping effect is notably affected by anti-corrosive 
paints (Newman, 1968) which are widely used to protect aluminium sur- 
faces. Present experience seems to indicate that an unpainted skin of 
2mm thickness will not be penetrated by a discharge involving 200 cou- 
lombs (Robb et al, 1958). 

Aircraft of the future will employ skin thicknesses in certain parts of 
less than 2mm and both this and the location of fuel vents raises the 
problem of likely points of strike. Strike patterns on existing aircraft have 
been determined and scale models of new designs have been subjected to 
high-voltage impulse tests (Stahmann, 1970). In order to be realistic such 
tests should simulate the electric field caused by an approaching leader 
stroke and the rate of increase of the applied potential should be of the 
same order of magnitude as under natural conditions (Section 4.1). The 
nose and tail of a plane are the points most likely to be struck while 
the probability of strikes to the tips of the wings is largely a function of 
the ratio of the wing span and the length of the fuselage. As the length of 
aircraft increases and as wings are increasingly swept back or are given a 
delta shape, the tendency towards strikes to nose and tail is likely to 
increase. However, considering the vagaries of a lightning discharge and 
the complicated movement of space charges around fast-flying aircraft he 
would be a bold man who would be prepared to state with conviction 
that there is any point of an aircraft which cannot possibly be contacted 
by a lightning discharge. In order to deflect strikes from a fuel vent pipe, 
or other danger points, diverter rods have been developed (Newman et al, 
1962). 

The radome of modern aircraft is made from fibreglass laminates. Fur- 
thermore boron and graphite fibre-reinforced plastics which have a much 
higher mechanical strength than conventional aluminium alloys have 
been introduced in aircraft design (Fassel et al, 1968). All such materials 
are liable to be delaminated as the result of vapourization of the resin by a 
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severe lightning current and the resulting explosive pressure has been 
known to cause severe damage (Robb, 1970). As shown in Fig. 75 a 
radome can be protected by a short pointed conductor at its tip which is 
bonded to the fuselage. Bonding should be effected by several solid strips 
which may have to be given a special cross-sectional shape so as to reduce 
interference with the radar system. The clearance between these conduc- 
tors and the radar dish must be adequate to prevent the possibility of 
a side flash. Bonding by foil is to be deprecated because it can be 
vapourized when discharging a heavy lightning current with consequent 
damage to the radome. There is reason to believe that structural lamin- 
ates can be protected by conductive coatings (Breland et al, 1970). 


Fig. 75 Lightning protection of radome of VC 10 aircraft (Courtesy BOAC) 
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Sparking in any space containing a fuel/air mixture must be prevented 
as for any other danger structure. Bad contacts between metal parts must 
be eliminated and great care must be taken to examine the interior of fuel 
tanks for any open inductive loop across which sparking could be 
produced. All metal parts fixed together by non-conducting adhesives 
must be bonded electrically at frequent intervals. The covers of fuel tanks 
must be electrically connected to the main wing structure along the entire 
circumference by means of metallic compression rings or equivalent de- 
signs since the inductive voltage drop across a flexible connection as in- 
dicated in Fig. 76 could be high enough to produce sparking across the 
gap. 

External aerials are not infrequently destroyed by lightning (Bryant et 
al, 1953) and designs which are flush with the metal body are greatly to be 
preferred. The protection of electrical circuits is outside the scope of this 
survey but serious attention must be paid to it because of the inherent 


Fig. 76 Sparking caused by lightning strike to aircraft fuel cap; (a) sparking in fuel 
tank (b) sparking outside fuel tank (Weinstock, 1970) 


vulnerability of semi-conductor devices, because of the risk of sparking 
produced by electro-magnetically induced voltages and because of the 
fact that such circuits, if connected to the nose cone, penetrate the Fara- 
day cage constituted by the fuselage. They are thus liable to convey 
dangerous voltages into the cockpit as evidenced by occasional shocks 
experienced by flight personnel. 

Passengers in an all-metal aircraft are practically immune from any 
electrical ill-effect. In most cases they will be unaware of their aircraft 
being struck while the pilot might be temporarily blinded if the strike 
contacted the window of the cockpit (Hagenguth, 1949). On the other 
hand, it has recently been concluded from extensive flight experience 
(Perry, 1968) that no harmful physiological effects are experienced by 
aircrews, even after strikes to the nose and windscreen. 

The pilot of a wooden aircraft or a glider is in a much more dangerous 
situation (Perry, 1968). Such aircraft can be destroyed by mechanical 
damage to the fabric and loss of life has indeed occurred. The most 
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serious risk is to a glider which is lifted by means of a steel rope attached 
to a motor vehicle. The steel rope constitutes a very long lightning con- 
ductor which is liable to attract a lightning discharge as evidenced by the 
loss of anti-aircraft balloons during World War II (Davis and Standring, 
1947). 

Helicopters are occasionally employed in transporting heavy loads to 
places which may be difficult of access. At the instant when a long steel 
girder or a complete electrical transmission tower is lowered into posi- 
tion, the helicopter with its load becomes a lightning conductor (Solak, 
1970). Such operations should be avoided under active or threatening 
thunderstorm conditions. 


9.6 Warning devices 


Reference has been made in preceding Sections to technical operations, 
such as venting of flammable gases or blasting operations, which should 
be suspended under active thunderstorm conditions if the risk of an 
explosion is to be minimized. To avoid unnecessary warnings the infor- 
mation required must be so specific with respect to location and time that 
it cannot be expected to be provided by meteorological offices at the 
present state of knowledge. A local resident who, from long experience, is 
conversant with the topographical and meteorological conditions prevail- 
ing within a given area may be the best judge for predicting the occur- 
rence of a thunderstorm but such a person is not always available nor 
may he be willing to accept the responsibility for a decision which he may 
have to defend in a court of law if loss of life or severe injury ensues. 

For these and other reasons great benefit would result from an instru- 
ment which could indicate the possible occurrence of earth flashes and 
these are the only ones which are of interest within the present context. 
Assuming that such an instrument could be devised it should provide the 
necessary warning in good time for the information to be passed on, say, 
to the face of an unfinished tunnel which may be several miles long; it 
should be capable of operation and interpretation by a non-expert and its 
price should be acceptable. 

It must be admitted that such an ideal device is not yet available and 
that, in the present state of knowledge, it is impossible to predict with 
certainty whether or when an earth flash is likely to occur within a given 
locality. In these circumstances, the combination of two pieces of equip- 
ment which respectively register the development of a thundercloud and 
of lightning discharges appears to constitute the best means available for 
providing a suitable warning. 

The first device is essentially a point-discharge recorder. It may use a 
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micro-ammeter to measure the current flowing from earth into the atmo- 
sphere, or in reverse direction, through a sharp metal point installed on 
the top of an earthed mast. From what has been said in Sections 2.2 and 
2.3 it follows that the electric field, and thus the direction of current flow, 
are reversed during the approach of’a moving charged cloud while the 
development of a stationary thundercloud would be indicated by the 
build-up of a negative electric field. By calibrating the current discharged 
through a needle installed at a given height above ground and by provid- 
ing an audible or visible warning the development or approach of a 
thunderstorm could thus be detected at an early stage, alerting the re- 
sponsible person. The current recorded can then be interpreted in terms 
of prevailing electric field strength. 

The second device has been developed with a view to counting the 
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Fig. 77 Lightning-flash counter (Prentice, 1972) 


number of lightning flashes within a given radius from its point of instal- 
lation (Pierce, 1956; Golde, 1966). It is a simple instrument which is now 
fully transistorized (Prentice, 1972) and which is connected between a 
prescribed aerial and earth; the circuit is shown in Fig. 77. The device is 
actuated by the sudden electric field change produced by a lightning 
stroke, each operation being counted on a mechanical message register. 

As the result of intensive international work, this counter is known to 
be operated by earth flashes and a certain proportion of cloud flashes and 
its average recording range has been determined at least for temperate 
regions while the corresponding value for tropical storms still awaits final 
confirmation (Prentice, 1972). 

The use of these two instruments in combination as a lightning-warning 
device is based on the following considerations. The point-discharge re- 
corder is employed to give an initial warning on the approach or build-up 


146 Lightning Protection 


of a charged cloud. Once the alarm is given, the flash counter is watched. 
If no discharges are noted a decision to suspend operations of the plant is 
based on the absolute value of the prevailing electric field strength since a 
lightning discharge can be expected to occur from a cloud developing 
overhead when a certain critical value is reached. Over open country this 
value can be taken as 500 V/m. 

In the case of a distant thunderstorm, the rate of counting of the flash 
counter gives an indication of whether the storm cloud is likely to pass 
the site at a safe distance or whether it is moving nearer. In the latter case, 
operations should be suspended when the rate of flashing reaches a 
predetermined level of say 3 counts per 5 minutes. A warning system 
employing this method was designed by the author for a British govern- 
ment establishment and continues to operate satisfactorily. 

A device based on the above concepts but somewhat more complex in 
its execution was developed independently for the US Air Force (Moore 
et al, 1962). During field trials it was established that ‘electrical activity in 
clouds can be detected much earlier with these instruments than it is now 
with weather observations’. 


10 Protection of 
Miscellaneous Structures 


10.1 Temporary structures 


The types of structure to be considered under this heading comprise, on 
the one hand, large tents or marquees which usually consist of insulating 
material and, on the other hand, scaffolding which, in most countries, is 
constructed from metal components. The common feature of both these 
types is their temporary nature in the sense that they are so designed as to 
permit rapid erection and dismantling at a variety of locations. 

Large tents and marquees may be erected on metal or insulating posts 
or they may be unsupported and inflated by internal air pressure. Long 
metal posts are liable to act as lightning conductors but the wet surface of 
the tent fabric can still attract a lightning discharge even when supported 
on insulating posts or when unsupported. Large tents are intended for use 
by large numbers of people and these are likely to congregate under cover 
as soon as rain begins to fall. 

There is no reason why a tent could not be made of a fabric with a 
metallized surface or incorporating a close mesh of metal wires. If such a 
tent was struck by lightning the current would be conducted over its 
surface and could then be discharged into the ground by a suitably ar- 
ranged earth-termination network. However, part of the skin might be 
destroyed by the thermal and mechanical effects of a lightning strike. 

In the British Code it is recommended that a large tent or marquee be 
protected by one or more horizontal air terminations suspended above 
them and adequately earthed. This can be achieved, for instance, by 
providing the vertical supports of the tent with non-metallic extensions 
and these could support a network of conductors which effectively 
protect the entire structure. A clearance of not less than 1-5 m is recom- 
mended between such shield wires and the fabric of the enclosure. 

People inside such a tent would be protected against direct lightning 
strikes but they might still be subjected to dangerous step voltages. The 
amplitudes of these step voltages depend primarily on the resistivity of 
the ground on which the tent is erected. Where a wooden platform or a 
tarpaulin is provided the resulting risk is slight. However, in the absence 
of such a ground surface people sheltering in the tent could be seriously 
endangered. 
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In order to reduce step voltages inside a large tent, this should be 
surrounded by a ring conductor which, in turn, should be bonded to an 
adequate number of earthing rods. If possible, the ring conductor should 
be buried in the ground but, if the tent is erected on a lawn, this may be 
objectionable. In that case, the ring conductor should be kept in good 
contact with the ground by stones or other heavy weights but, in any case, 
it should be covered so as to make it inaccessible to the general public. 

Large tented structures supported on metal frameworks should have 
these earthed at intervals not exceeding 30m of the perimeter. 

While the foregoing recommendations can provide adequate lightning 
protection the responsible contractor or user may be loath to incur the 
expense for a risk which, in many countries, must be admitted to be rather 
slight. On private grounds, permanent buildings are normally readily 
accessible and lightning protection of a temporary marquee can be dis- 
pensed with if visitors are urged to move into a near-by building on the 
approach of a thunderstorm. On public grounds, on the other hand, 
where large tents are erected periodically for fairs or exhibitions perman- 
ent provision should be made for adequate earthing purposes and users 
should be made aware of their existence. 

Temporary metal scaffolding as used for the seating of spectators con- 
stitutes an inherent lightning risk because of the fact that, if struck by 
lightning, the current can be conducted through the metal components 
over considerable distances. In order to reduce this risk it is recom- 
mended that a strip of metal, other than aluminium, be run underneath 
the scaffolding, connecting together the base plates of the vertical metal 
components. This strip, which should have the normal dimensions of a 
lightning conductor, should be earthed at intervals not exceeding say 
30m. 

Scaffolding employed in the erection of a building may be made of 
steel, wood or bamboo. If the building under construction has a frame- 
work made of steel or reinforced concrete, the metal frame should be effec- 
tively earthed from the beginning of the building operations. Steel 
scaffolding should be temporarily bonded to the lowest and highest 
points of the framework so as to prevent the occurrence of side flashes 
endangering men working on the scaffold. The same procedure should be 
adopted for all metal pipes or sheathed cables carried up with the scaf- 
folding. The protection of scaffolding made of wood or bamboo hardly 
constitutes a practical proposition although the provision of a temporary 
lightning-protective system in these circumstances is suggested in the 
German Code. 

As a general rule, working on high scaffolding during a thunderstorm 
should be strongly discouraged since a potential difference arising 
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between the hands and feet of a man which might be innocuous on firm 
ground could cause him to lose his grip when working at a height. 


10.2 Mobile structures 


Travelling cranes are often of considerable height or may be employed on 
top of a high-rise building under construction. They are therefore liable to 
be struck by lightning. As they constitute all-metal structures they require 
no lightning conductor but they must be efficiently earthed to the rails on 
which they are mounted. The rails themselves should be earthed at regu- 
lar intervals; according to the Dutch Code this should be done at dis- 
tances not exceeding 40 m. 

Mobile structures, such as cranes or towers, mounted on vehicles with 
rubber tyres are usually of smaller height but, because of their exposed 
position, they may still be occasionally struck by lightning. As in the case 
of any other vehicle, such as a car or a bus, the lightning current will be 
discharged to ground by flashover of the tyres and, even where these are 
made from conducting rubber, flashover will still occur. Metal drag 
chains assist in the dissipation of the electric energy and they constitute 
the only form of protection which can be applied. 

The driver’s cabin on an outdoor crane or mobile tower should be 
made of metal and care must be taken to bond all metal services entering 
the cabin to the main metal structure. In regions of high lightning risk 
and where work cannot be interrupted during a thunderstorm the cores 
of electrical cables terminating in the cabin should be connected to their 
metal sheaths through overvoltage protective devices, such as surge 
diverters. 

Large rotating metal structures, e.g. tracking aerials, should be effec- 
tively earthed at several points along their periphery. Such installations 
may require additional protection for the associated electrical circuitry 
which usually incorporates semi-conductor devices. 

The moving parts of such structures are either of a gliding or rolling 
nature. Gliding surfaces are usually greased but, when subjected to a 
lightning discharge, such a layer of grease is punctured. Some grease may 
be vapourized but no permanent damage is caused and no repair is 
required. 

The effect of lightning currents on ball bearings has been examined on 
small units, such as were used during World War II in rudders and 
ailerons of airplanes (Hagenguth, 1949). When subjecting such bearings 
to high impulse currents it was found that seizing between the balls and 
the races occurred when current amplitudes exceeding 40 kA were dis- 
charged through them. Even so, the breaking force required to free the 
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bearing amounted to no more than one or two kilograms. Similarly, tests 
(Brierley, 1956) on bearings down to 19mm diameter, as used on modern 
aircraft, have shown that currents of up to 100 kA, while producing slight 
damage, did not cause the bearings to seize. Considering the sizes of 
bearings likely to be used in mobile structures, these can be deemed to be 
free from any serious risk by lightning. 

In the early days of their existence some funicular railways were subject 
to considerable trouble due to lightning. Strands of some steel ropes were 
burnt through, electric sparks occurred in the machine houses and electri- 
cal supply equipment was damaged or destroyed. In retrospect this exper- 
ience is hardly surprising; the mountainous areas in which funicular 
railways are to be found usually suffer from intense thunderstorms and 
are characterized by particularly difficult earthing conditions. 

Protection of the steel ropes against direct lightning strikes by the use 
of overhead shield wires is hardly a practical proposition because of the 
risk of conductor clashing when a rope throws off its snow or ice layer. 
Similarly, protection by high shield wires carried on separate tall towers 
adjacent to the railway track, while theoretically attractive, might prove 
prohibitively expensive, even if practically possible, under mountainous 
conditions. Direct lightning strikes to steel ropes must therefore be ac- 
cepted but even in the case of a severe stroke, the amount of burning of 
individual strands of wire is insufficient to constitute any danger to the 
safety of the passengers caught in a thunderstorm. 

The buildings forming part of a funicular railway must, as a matter of 
course, be protected against lightning and, when they stand on bare rock, 
the appropriate precautions must be taken (Section 10.4). All metal masts 
and machinery must also be effectively earthed and must be intercon- 
nected with the earthing system of the nearest station. 

A particular difficulty in securing adequate bonding on the route is due 
to the need to produce smooth rides for the cabins and their passengers. 
In order to accomplish this, the wheels from which the cabins are sus- 
pended used to be covered with rubber with the result that there was no 
electrical connection between steel ropes and towers. Rubber has been 
replaced successfully by conducting synthetic material of good elasticity 
(Biirkner, 1967). 


10.3 Agricultural objects 


The protection of farm dwellings is governed by the same technical and 
economic considerations as any other structure and the need of providing 
protection should therefore be assessed according to the principles dis- 
cussed in Section 5.1. Wooden houses or buildings with thatched or 
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other highly flammable roof coverings should be protected in accordance 
with the recommendations made in Section 7.9. 

Farm buildings are frequently used for the storage of grain, hay and 
other crops which can be ignited by an electric spark. The same applies to 
flour mills, saw mills and other manufacturing plants in which explosive 
dust mixtures are liable to develop (Israel, 1966). Such buildings are to be 
regarded as danger structures and their protection should follow the 
appropriate recommendations of Section 9.2. It is appreciated that the 
cost for the lightning protection of a farm building or a mill constitutes a 
much higher percentage of the total installation cost than say for a muni- 
tions factory. However, in view of the inherent risk of a total loss as the 
result of an explosion or of a fire which may spread rapidly to neighbour- 
ing buildings the owner or user of such an agricultural installation should 
be made fully aware of the potential risks of faulty or inadequate 
protection. 

Attention must be paid to the prevention of side flashing or sparking. 
Adequate bonding must therefore be provided both between earthed and 
isolated metallic components. Thus attention is drawn in the American 
Code to the need for interconnecting the metal tie bands used for fibrous 
material stacked in bails. 

Wooden working structures, e.g. grain elevators, require lightning 
protection as any other wooden structure of the same dimensions. 

The care given to electrical installations in farm buildings is not always 
as good as it ought to be. Attention should therefore be paid to the risk of 
an electrical breakdown with resulting sparking in buildings where flam- 
mable material is housed. The installation of surge diverters should be 
considered. 

Growing crops are only infrequently affected by lightning (Ruedy, 
1945) but when they are left to dry in the open after harvesting they 
become flammable. Haystacks can be protected at comparatively little 
cost by placing them under a metal roof supported on four wooden poles. 
All that is required then (Section 5.5) is to arrange a single down conduc- 
tor along one of the wooden posts, bonding it to the metal roof and 
connecting it to an earth electrode driven into the ground. In the German 
Code it is recommended that a minimum clearance of 40cm be main- 
tained between the lightning-conductor system and any flammable 
material. 

Windmills belong to the oldest structures in most parts of the world. In 
many countries their construction is governed by tradition so that differ- 
ent materials are used both for the main Supporting structure and for the 
rotating blades or sails. In the Dutch Code it is stated categorically that a 
rotating windmill cannot be protected against lightning and it is therefore 
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recommended that its operation be stopped on the approach of a thun- 
derstorm and that means be provided to have it adequately protected by 
flexible leads which should be connected to conductors on the blades 
when stationary. In contrast it is suggested in the German Code that a 
rotating windmill can be protected by sliding contacts connecting light- 
ning conductors on the blades to those on the supporting structure. The 
contact surfaces should measure 80mmx8mm and should be so 
designed that they are not lifted when the mill moves under its own 
working stress or external wind pressure. While it is recognized that the 
Dutch have possibly more practical experience with the operation of 
windmills than any other nation which has produced a lightning-protec- 
tive Code it is difficult to see reasons for their objection against sliding 
contacts. Experience with ball bearings, where contact surfaces are small, 
has in general been good under lightning conditions (Section 10.2). The 
only obvious objection against sliding contacts is the risk of sparking but 
under most operating conditions explosive mixtures are unlikely to be 
present, particularly as a thunderstorm is usually accompanied by heavy 
rain which would settle any inherently dangerous dust, at least in the 
open air. 

Whichever solution is adopted in any given instance, wooden blades or 
sails should be fitted with lightning conductors of standard dimensions 
and these should extend for a distance of say 20 cm beyond the tips of the 
blades so as to prevent a wooden component being set on fire. If the 
supporting structure is made of non-conducting material one, or 
preferably two, down conductors are required and these have to be 
earthed in the usual manner. The absolute value of the earthing resistance 
is immaterial. : 

Major constructional metal components can be utilized as part of the 
protective system. 


10.4 Structures on rock 


The lightning protection of a structure erected on a rocky outcrop sur- 
rounded by, or close to, areas of reasonably conducting soil presents no 
particular problem, provided the recommendations in Section 7.3 for 
reducing step voltages in, and adjacent to, the structure are adopted. 
Much greater difficulties arise in a structure in an area of bare rock. 
This may be an isolated monument, a mountain hut where hikers seek 
shelter during a thunderstorm, or a structure such as a lighthouse, erected 
on a rocky coast or on an island in the ocean. In addition to the normal 
form of lightning protection for the former type of structure particular 
care must be taken to reduce the amplitudes of step voltages to which 
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persons approaching the building during a thunderstorm can be sub- 
jected. For this purpose the building should be surrounded by a ring 
conductor and this should be buried in a trench filled with soil or small- 
sized rubble so as to reduce the contact resistance as much as possible 
while, at the same time, preventing people from tripping over a conductor 
laid on the ground. If a conducting stratum or fault in the rock can be 
found nearby an earth electrode should be driven in and this should be 
connected to the buried ring conductor (Fig. 61). 

For a lighthouse or a similar isolated structure by the sea which is 
accessible to the general public the same type of buried ring conductor 
should be provided and this might be connected to an earth electrode 
driven into the ground below sea level or laid in the sea. In addition, 
protection is required for the electrical installation which may be supplied 
from a public electricity system or may be locally generated. For this 
purpose the bonding arrangements and overvoltage protective devices 
should be provided which are described for danger structures in Section 
Ook: 

A lighthouse in mid-ocean requires its own power supply and fuel- 
pump system which is likely to be housed in a separate structure. The 
entire complex usually also comprises a house for the keeper and a 
telecommunications mast. All these structures should be protected 
against lightning and the earthing systems should be interconnected. In 
view of its isolation and its importance for shipping careful attention 
should be paid to the overvoltage protection of the entire electrical 
installation. 


10.5 Playing fields and public highways 


Lightning incidents on large sports grounds are comparatively rare, 
presumably because sports fixtures are usually interrupted during a heavy 
thunderstorm and spectators try to take cover from rain. Nevertheless, 
even in a country with such moderate lightning activity as Britain two 
serious incidents have occurred in the last 25 years and these are further 
discussed in Section 12.2. The protection of spectators at large gatherings 
is thus a matter of public concern. 

Covered stands are places of public assembly and should therefore be 
fitted with lightning protection in accordance with the recommendations 
made in the various national Codes. The method of protection should be 
adapted to the method of construction, as explained in Chapter 7. Com- 
plete coverage of open stands is often impracticable and spectators should 
be warned to seek protection while a thunderstorm is in progress. Metal 
seating fixtures should, however, always be effectively bonded together 
and earthed as suggested for metal scaffolding (Section 10.1). 
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Metal lamp standards or flag poles used on sport grounds must be 
earthed and the same applies to the steel work of reinforced concrete 
standards. Wooden supports require lightning conductors. The great maj- 
ority of spectators injured at sports gatherings are not subjected to direct 
lightning strikes but are injured by high step voltages. Dangerous poten- 
tial gradients are bound to arise around any high standard, or mast, when 
this is struck by lightning. Unless the public can be kept away from the 
immediate vicinity of such objects measures should be taken to reduce 
step voltages. In soil of moderate resistivity it is sufficient to surround the 
upper part of an earth rod with a non-metallic pipe as indicated in Fig. 
78 (a). The resulting reduction in the potential gradient to which people 
near a mast would be subjected if this was earthed through a rod elec- 
trode is shown in Fig. 79. Where the soil resistivity is high radial buried 
earth conductors should be connected to the foot of each mast and these 
should be bonded to several concentric ring electrodes of successively 
increasing diameter as sketched in Fig. 78 (b). 
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Fig. 78 Alternative methods of reducing step voltages around metal mast 


A more elaborate method is recommended in the German Code. This 
suggests an insulating material surrounding the foot of the standard up to 
a radius of not less than 5m. The composition is given as a ground layer 
of chippings over which three layers of asphalt of 2 cm thickness each are 
laid. These layers are separated by impregnated sheets of sacking as a 
protection against cracking. In order to prevent side flashing it is further- 
more recommended that a lamp standard be surrounded up to a height of 
3m by a wooden enclosure at a distance of 10cm from the circumference 
of the mast. 

Protection against direct lightning strikes to open seating accommoda- 
tion in a big stadium is in most Codes regarded as impracticable. This is 
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due to economic considerations and the same argument might be applied 
in most circumstances to the playing field itself. A different attitude is 
adopted in the American Code where it is suggested that picnic grounds 
or playing fields might be protected by a network of shielding wires 
suspended from tall masts at a height of approximately 6m above the 
ground. This type of protection is recommended in Section 9.2 for danger 
structures and the method is described there by which the minimum 
clearance to avoid side flashing is to be calculated. 

One of the incidents mentioned at the beginning of this Section is 
believed to have been caused by a lightning strike to a metal fence. Large 
losses of livestock are known to be due to similar occurrences, parti- 
cularly in New Zealand but also in many other countries. A long metal 
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fence which is fixed to wooden or other insulating posts acts as a surge 
impedance (Section 7.4) and can thus be raised to a high potential with 
respect to earth as the result ofa direct lightning strike. People or animals 
leaning against, or being close to, such a fence are therefore liable to be 
subject to side flashes. Furthermore, at those earthed posts which are 
closest to the point of strike high potential gradients can be developed 
along the ground surface when the lightning current is discharged 
through them. This risk is considered in the American and British Codes 
where it ig recommended that a long metal fence be earthed at intervals 
by clamping it to metal posts or to separate earth electrodes. Where the 
soil is dry this should be done at intervals not exceeding 50 to 75m and 
where it is permanently damp at every 100 to 150m. In order to restrict 
the distance over which a lightning current can be conveyed along a fence, 
the continuity of such fences should furthermore be broken at intervals of 
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no more than 300m by wooden gates or gaps which should be at least 
60cm wide and which should be closed by sections made of non- 
conducting material. For the protection of people stepping through a gate 
during: a thunderstorm the nearest point of earthing should be several 
metres distant on either side. 

The effect of a lightning current on a building material of given compo- 
sition and state of repair is the same whatever its usage. Thus lightning 
damage of an unprotected stone bridge will be of the same general nature 
as for a stone building and damage to a reinforced-concrete road surface 
the same as that of any other reinforced-concrete structure. Large parts of 
the masonry of stone bridges have been knocked out by a lightning 
discharge (Colton, 1950). Both the need for protection and the method to 
be adopted are governed by the normal considerations for stone struc- 
tures discussed earlier. Similar principles apply to old wooden bridges, to 
all-metal bridges and others made of reinforced concrete. On large 
bridges the horizontal metal deck should be bonded by flexible connec- 
tions to the metal work of the vertical piers or pillars so as to permit 
relative thermal expansions and contractions between the different con- 
structional elements. Rails and metal service pipes carried on a bridge 
should be bonded to the lightning-protective system; where this is not 
permissible because of stray earth currents connection may have to be 
effected through overvoltage protective devices. The need to provide sep- 
arate earthing electrodes is governed by the considerations outlined in 
Section 7.3 although for piers standing in water separate earth electrodes 
are unlikely to be required. 

Pedestrians and cyclists crossing a long bridge during a thunderstorm 
should be warned to follow the normal advice (Section 12.2) for people 
caught out of doors. For their protection metal railings on a bridge and in 
particular on access stairs should be bonded to a lightning-protective 
system and it may even be advisable to provide at the access points a 
stretch of insulated road surface of similar make-up to that described 
earlier in this Section for lamp standards on sports grounds. 

Damage has been reported to the surface of highways and motor roads 
constructed from reinforced concrete (Fisher, 1922; Haufe, 1939). Pieces 
of concrete have been chipped off and, as would be expected, the damage 
has usually been concentrated along the expansion joints where the 
lightning current had to jump the gaps between the reinforcing bars of 
adjacent road panels. The damage caused by lightning to road surfaces 
constitutes a small fraction of that due to normal wear and tear and 
provision of widespread lightning protection would seem to be out of the 
question. 

Special problems connected with motorways have arisen and are likely 
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to arise in future. One such case concerns an intersection of three motor- 
ways the highest of which is at a considerable height above the surround- 
ing countryside. A lightning strike to the uppermost road would compel 
the lightning current to flow to ground via the two lower structures. In 
this and similar cases, interconnection between the superposed metal 
structures is essential if widespread damage is to be avoided. 

Another problem which has arisen on motorways and which has much 
wider application is that of tall lamp standards on public roads. Although 
the metal components of such standards should be earthed it would be 
economically indefensible to prescribe a low earthing resistance. On 
being struck by lightning the top of such a standard is thus raised to a 
high potential with respect to the conductors in the electricity supply 
cable and breakdown of the cable insulation is liable to occur. This risk 
can be overcome if overvoltage protective devices, such as surge diverters, 
are connected between the individual cores of the cable and its sheath. 
Although the time lag of operation of a surge diverter amounts to no 
more than a fraction of a microsecond, the distance between lamp stan- 
dards on a highway is usually so great that diverters installed in the 
junction box of one standard will provide little protection to adjacent 
masts. This means that, on theoretical grounds, each such lamp standard 
should be provided with its own surge diverters. Implementation of this 
recommendation involves a careful examination of the costs involved 
against the inherent risks of failure by lightning on a highway under 
thunderstorm conditions. 

The same considerations should be applied to all forms of public 
lighting and in particular to the modern method of suspending flood- 
lighting fittings in city roads from catenaries fixed between multi-storey 
buildings. Such catenaries should always be bonded to the lightning- 
protective systems of the buildings and the question of providing overvol- 
tage protection for the lighting cables should be given due consideration. 


10.6 Trees 


The association between trees and lightning protection involves two sep- 
arate aspects, namely the protection of especially valuable trees and the 
effect of trees on the protection of nearby buildings. Before examining 
these specific problems it is appropriate to consider the effects of a light- 
ning strike to a tree. 

No reliable estimates seem to be available on the number of trees 
which, having been struck by lightning, are damaged and either survive or 
die. On the other hand, comprehensive information has been collected on 
forest fires caused by lightning. Thus between 10000 and 15000 such fires 
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are started annually in the United States and several tens of millions of 
dollars have to be spent every year on fire-suppression costs alone 
(Taylor, 1969). In North American forests conifers predominate and, 
under the prevailing conditions, most fires seem to be started by ignition 
of tree stumps, leaf mould or needles on the ground (Morris, 1934). It has 
therefore been suggested that the great majority of forest fires are in fact 
started by ignition of the small particles of flammable material with which 
the ground is covered (Taylor, 1969). 

In Section 5.3 it is shown that it is the long-duration current tail in an 
individual lightning stroke which is responsible for the ignition of flam- 
mable materials. It has indeed been confirmed (Fuquay et al, 1972) that, 
out of 16 lightning discharges for which field-change records could be 
obtained, all 11 which caused forest fires in western Montana, USA, 
exhibited current tails lasting more than 40 ms. Even so, the possibility 
cannot be ruled out entirely that, occasionally, forest fuel may be ignited 
by a discharge without a pronounced current tail. 

Tests on the electrical properties of trees have included breakdown and 
resistance measurements. Impulse-breakdown tests of samples of 0:5 to 
2m length of a variety of species (Samula, 1963 b) have shown (Fig. 80) 
that the impulse strength decreases from 400 to 600kV/m at 7 to 8 us to 
200 to 300kV/m if breakdown occurs after 20 to 55s. The internal 
breakdown strength of trees is thus lower than that of an air gap of the 
same length. 


© oak xX spruce 
600 

© beech ® birch 
500 + pine ® poplar 


+ 
x 
xX 
of 

a 
®6 


400 


300 


breakdown strength, kV/m 


200 


0 10 20 30 40 50 60 
time lag, us 


Fig. 80 Variation of breakdown strength of tree samples with time lag (Samula, 
1963b) 
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Resistance measurements have also been performed (Szpor, 1944: 
Hosl, 1958) on a great variety of trees. Test results obtained on trunks and 
branches show a wide spread but also indicate that a layer of surface 
moisture has no noticeable effect on the resistance of a sample. This 
shows that surface resistance is high compared with that of the cambium 
(inner bark and first few rings of live wood) and the sap wood. 

Systematic measurements on a-25m high tulip tree (Defandorf, 1956) 
have shown (Fig. 81), as might be expected from the cross-sectional areas 
involved, that the resistance to earth decreases non-uniformly from the 
top to the bottom of the trunk. The overall resistance was furthermore 
found to have a pronounced negative thermal coefficient. By combining 
the resistance values shown in Fig. 81 with a gradually increasing light- 
ning current (Section 3.3), the time variation of the potential gradient along 
the tree trunk was derived and this was compared with the impulse 
breakdown gradient of air. It was thus shown that, following a lightning 
strike to the top of the tree, the current is first discharged through the 
trunk. However, as the resulting potential gradient along the current path 
increases a value is quickly reached when surface flashover will occur. A 
similar mechanism was recently advanced for a lightning strike to a 
human body (Section 12.1). 
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Fig. 81 Resistance of synthesized tulip tree (Defandorf, 1956) 


Damage to trees depends largely on the structure of their bark. Trees 
with smooth bark, e.g. birches, rarely suffer structural damage and 
usually have only thin sheets of bark torn off. This seems to indicate that 
most of the lightning current is discharged over a wide section of the 
outer surface of the trunk. 
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In contrast, trees with rough bark, e.g. conifers and oaks, usually show 
a single, or occasionally two or three, narrow furrows which spiral along 
the trunk and expose the outermost layers of the sap wood (Taylor, 
1971 b). The large slivers which, in the more extreme cases, are violently 
ejected may be thrown over considerable distances. With the mechanism 
of a strike to a tree outlined above it may therefore be assumed that a 
lightning current injected into a tree with rough bark first follows the 
grain of the cambial region and that this is followed, within a few 
microseconds, by external flashover. The resulting damage may then be 
due to the shock wave (Goyer, 1966) set up by the current in the return 
stroke (Section 5.4). The spiral shapes of the resulting discrete furrows 
may conceivably be due to a combination of irregularities in the resisti- 
vity in the cambial region, electromagnetic attraction between external 
and internal current paths and pinch effect. However, this conjectural 
mechanism clearly requires further elucidation. What can be stated with 
certainty is that the widely-held belief that damage of trees is caused by 
sudden vapourization of moisture in the cambium is untenable (Goyer, 
1966; Schmid, 1970). 

The statement that trees with rough bark are subject to more lasting 
damage than trees with smooth bark is confirmed by observations over 
50000 acres of German forests (Schonland, 1944) when oaks, although 
comprising only 11 per cent of growth, showed 58 per cent of casualties 
while beeches, which made up 70 per cent of the woods, produced no 
more than 6 per cent of visible damage. 

Experiments are presently carried out in the United States to seed 
potential thunderclouds with a view to effecting changes in cloud-particle 
electrification. Good results are claimed to have been obtained (Fuquay, 
1971) with respect to a reduction in the frequency of earth discharges and 
a shortening in the duration of long current tails. Despite these promising 
results an effective protection of large forest areas against lightning- 
initiated fires would require much more work. The protection of trees, on 
the other hand, follows well established principles and is covered in 
several national Codes. 

Protection of individual trees is costly and need only be considered 
where preservation of the tree is desirable for historical or similar reasons 
or where it is required for the protection of an adjacent building. Such a 
tree should be fitted with down conductors from its highest point along 
the trunk and along large upper branches. Bare stranded conductors are 
recommended and due allowance must be made for swaying in winds and 
natural growth. The conductors should be so fixed as to avoid injury to 
the tree which could lead to attack by harmful insects (Taylor, 1971 a). 
One or, for large trees, two rod electrodes might be driven into the 
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ground close to the trunk and these should be bonded by radial buried 
strips connected to a ring conductor which, according to the British 
Code, should encircle the tree at a distance of not less than 60 cm beyond 
the spread of the foliage or 8m whichever is the greater. Where two or 
more trees stand close together a common ring conductor encircling the 
group might be installed. 

Considering the high resistance to ground of a tree, which amounts to 
several thousand ohms per metre, a serious risk arises of a side flash from 
a tree trunk or one of its branches to an earthed metal component on, or 
in, a nearby building when the tree is struck. As mentioned earlier, a 
lightning strike to an unprotected tree can be expected to lead to a 
flashover over its surface. The resulting arc has a negligibly small voltage 
drop compared with the voltage drop in the ground. When considering 
the minimum safe clearance between a tree and a Structure, the earth 
resistance of the tree should be determined by measurement (Section 11.2) 
and the necessary clearance should then be calculated from equation (13). 
As a rough guide it is suggested in different Codes that branches 
approaching the building to within 1 to 25m should be cut and that, 
where the tree exceeds the height of the structure, the minimum clearance 
between tree and structure should amount to between one-third and 
one-half the height of the structure. 

Where this clearance cannot be maintained, and to avoid uprooting a 
tree, the building should be fitted with its appropriate form of lightning 
protection and one of the roof or down conductors should be placed 
closest to the tree so that a side flash would be harmlessly discharged to 
earth. 

Explosives factories and stores are frequently located in woods so that 
individual trees can, with advantage, be fitted with lightning conductors 
or used instead of masts to support a system of shield wires. Where a tree 
is left unprotected, a lightning current discharged into it can be conducted 
over distances of many tens of metres along, or just below, the ground 
surface to find a good earth conductor, e.g. a water or gas pipe, an 
electricity cable or the lightning-protective earth of a building. Many such 
cases are well authenticated (Section 5.5, Fig. 29) and attention should be 
paid to this possibility in the design of the earth-termination network of 
any danger structure near trees. 


10.7 Ships and boats 


The world-wide distribution of thunderstorms shows that their frequency 
of occurrence is notably lower over the oceans than over continental land 
masses. Yet in the 40 years between 1793 and 1832 over 250 wooden ships 
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of the British navy were damaged by lightning, masts were shattered, 
large quantities of stores were destroyed, one ship in eight was set on fire 
and over 200 sailors were either killed or severely disabled (Anderson, 
1879). It can furthermore be presumed that many ships officially listed as 
missing had been destroyed by lightning. While big wooden ships are now 
largely a matter of the past, smaller craft are becoming increasingly popu- 
lar and, in this connection, it is worth noting that coastal regions of the 
open seas are subject to the same frequency of thunderstorms as the 
adjacent land areas and that there are many large inland lakes, Lake 
Victoria in Central Africa is a notable example, over which lightning 
activity is particularly severe. 

Detailed attention to the protection of ships and boats is paid in 
the American Code and its recommendations are incorporated in the 
Australian and Rhodesian issues. These recommendations refer both 
to the protection of the craft itself and to the safety of sailors and 
passengers. 

All-metal vessels require no special protection but the normal precau- 
tions against side flashes must be observed (Section 7.6). Masts made of 
wood or synthetic material should have a metal cap and should be fitted 
with a down conductor, a cross-sectional area of about 10mm? being 
deemed adequate for copper. As can be seen from Fig. 23 a conductor of 
such size is unlikely to be raised to a dangerously high temperature even 
when discharging an intense lightning current. In general, any such 
discharge path is in any case effectively paralleled by several metal stays 
supporting the mast. All materials used aboard ship should be especially 
resistant to corrosion and all conductors and joints should be checked 
periodically for any signs of attack. 

The sea is to be regarded as ‘earth’ and the hull of the vessel, or a part of 
it, should be utilized as ‘earth electrode’ for the purpose of discharging the 
lightning current into the water. If the hull is of metal no further electrode 
is required. Alternatively, a metal keel, a metal rudder or a layer of metal 
sprayed or painted on the bottom of the hull should be used but, in such a 
case, great care must be taken in bonding the metallic upper structure, the 
lightning conductors or any extended metal parts in, and on, the boat to 
such an earth electrode. In the absence of effective bonding a hole can be 
punched by the lightning current in the hull as has indeed been reported 
from inadequately protected vessels. 

A radio antenna should be incorporated in the lightning-protective 
system as recommended in Section 7.7. In view of the importance of a 
ship’s radio equipment, overvoltage protection might be provided in the 
form of a protective spark gap or a surge diverter. The same type of 
protection might be fitted to the navigation lights. All electrical installa- 
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tions should be carefully checked after any lightning strike to the vessel 
and this check should be extended to the ship’s compass since this could 


well be affected by the strong magnetic field in the vicinity of a lightning 
discharge. 


11 Maintenance 


11.1 General considerations 


Any casual visitor to an historic mansion, a public monument or a church 
who is also interested in lightning protection, is quite likely to have 
noticed a lightning conductor which has become detached from a spire or 
a wall and flaps in the wind or a down conductor which is no longer 
earthed, either because it has been severed by corrosion or because of 
malicious interference (H6sl, 1961). Similar faulty installations can be 
seen on factory chimneys and other structures. It is clear that, in such 
cases, maintenance has been neglected. The question thus arises as to 
whether a faulty lightning-conductor system continues to afford some 
degree of protection or whether it may in fact constitute a hazard. 

To answer this question it is necessary to revert to the attractive 
mechanism of a lightning conductor which is discussed in Section 4.1. It is 
shown there that, before a lightning leader channel makes contact with 
any particular point, it is preceded by an upward streamer which in turn 
develops from a point discharge from the spot to be struck. Initially, the 
current in the point discharge may amount to no more than a few 
microamperes. A simple calculation would show that currents of this 
magnitude can be readily conveyed over the surface of a building when 
this is subjected to the intense electric field strength under an approach- 
ing leader stroke. A more direct proof is, however, given by the photo- 
graph in Plate 3 which shows an upward streamer of some 9m length 
from the chimney of a building without any lightning conductor. It can 
thus be concluded that a lightning conductor, even if severed from its 
earth connection, will still attract a lightning discharge. 

A lightning conductor which has become detached from the surface of 
a building will afford protection, provided it is still connected to its earth 
termination. Such a loose conductor may be torn off completely as a 
result of the strong electromagnetic forces when discharging a heavy 
lightning current but it will have fulfilled its primary function to protect 
the building. 

If we now turn to the case of a conductor which has been severed, the 
answer to the above question depends on the circumstances. Let us exa- 
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mine two extreme cases. In the first instance, we may visualize (Fig. 82a) a 
down conductor which has been so severed that a gap of a few cen- 
timetres has been formed between its free ends and no other metallic 
conductor may be within a distance of a metre from the point of fracture. 
In such a case the air gap flashes over under the impact of a lightning 
discharge and the lightning conductor will afford complete protection. 
On the other hand, if we now assume the free ends of a severed down 
conductor to be curled backwards, this may leave a gap of say one metre 
(Fig. 82 b). Let us now further assume that, on the inside of the wall, there 
is an electric lighting cable which is separated from the down conductor 
by one wall thickness only. If such a lightning conductor is struck a 


electrical wiring 


fuse box 
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Fig. 82 Examples of severed down conductors 


breakdown is liable to occur from the upper free end of the down conduc- 
tor to the internal electrical cable with possibly considerable consequen- 
tial damage. In this case, the faulty lightning conductor constitutes an 
acute danger. 

The aforementioned risks can be avoided by regular visual inspection 
of those parts of any lightning-protective installation which can be seen 
either with naked eye or with the aid of binoculars. This excludes not only 
the earth-termination network but also down conductors installed in 
service shafts or under plaster or cases where down conductors are 
replaced by constructional metal work. For such components resistance 
measurements, as described in the next Section, have to be performed and 
the results have to be compared with those obtained when the installation 
was new. 
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In most Codes maximum permissible values are specified for the resis- 
tance values of complete earth-termination networks and also for indivi- 
dual earth electrodes. Suitable test methods are described in several 
Codes or cross-reference is made to relevant literature. 

The most common test method is shown in Fig. 83 in which a.c. (alter- 
nating current) is used to avoid errors due to the electrolytic character of 
most soils. In addition to the electrode to be tested, T, an auxiliary 
electrode A and a probe P are required. A current I is passed through 
electrodes T and A and the voltage drop is measured between electrodes 
T and P. The resistance of the test electrode is then determined by the 
voltage drop between P and T divided by the current flowing through T 
and A. The internal resistance of the voltmeter must be high compared 


v6 


T= test electrode 
P= probe 
A= auxiliary electrode 


Fig. 83 Measurement of earthing resistance 


with that of the probe P but this is a condition which is usually not 
difficult to fulfill. 

In some installations the test circuit is liable to be affected by earth- 
return currents from electric railways, trams or electric supply systems. 
To minimize this interference, earth-resistance tests should be made at 
frequencies which differ from those of possible stray currents and this is 
achieved by special earth testers. These usually generate d.c. and have a 
rotary current reverser and a synchronous rectifier mounted on the gener- 
ator shaft so that a.c. is supplied to the test circuit and the resulting 
potentials are rectified for measurement by a direct-reading moving-coil 
ohmmeter. If stray currents interfere with the measurement this will be 
indicated by wandering of the instrument needle but this trouble can be 
made to disappear by increasing, or decreasing, the speed with which the 
instrument handle is turned. 

The auxiliary and probe electrodes are usually mild-steel or copper 
rods which are driven into the ground to a depth of say half a metre or 
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more. The earthing resistance of such an electrode is that with respect to 
true earth. The resistance between two such electrodes then follows a 
distribution as shown in the upper curve of Fig. 84. In order to secure 
correct results the probe P must be placed within the horizontal section of 
the resistance-distribution curve. The extent of this section depends, 
amongst other factors, on the distances between the probe P and the 
other two electrodes. In various Codes minimum distances of from 20 to 
60m are recommended between the two outermost electrodes A and T. 
After having made a first test with the probe P placed about midway 
between A and T, two further tests must follow with the probe P moved 
say 5m first towards A and then towards T. If the three results agree 


T= test electrode | 
A= auxiliary electrode 


resistance 
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Fig. 84 Resistance-distribution curves 


reasonably well with each other, it can be concluded that P is situated in 
the horizontal section of the resistance-distribution curve and the result 
can be accepted as correct. If different resistance values are obtained, the 
distance between electrodes A and T has to be increased and the measure- 
ments have to be repeated until satisfactory agreement is reached between 
the three readings. 

There will be cases when the resistance-distribution curve has no hori- 
zontal section. This may occur when the resistance of the auxiliary elec- 
trode A is high or when the electrode system to be tested has considerable 
horizontal dimensions. If this happens, an attempt should be made to 
reduce the earthing resistance of the auxiliary electrode A by driving it 
deeper into the ground, by using several electrodes in parallel, by wetting 
the ground around the electrode or by moving it to a more suitable 
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position. If this procedure fails to produce a satisfactory result the point 
of inflection in the lower curve plotted in Fig. 84 must be determined by a 
series of measurements and the resulting resistance value for the electrode 
T can then be accepted as valid. 

As a guide for the separations between the test electrodes required for 
different types of lightning-protective earths, Table 10 is reproduced from 
the German Code. For the purpose of lightning protection a measuring 
accuracy of 90 per cent for the earthing resistance can usually be regarded 
as acceptable. Assuming therefore a ring conductor of 10m diameter, 
the distances between its centre point and probe P and between 
probe P and auxiliary electrode A must not be less than 37m. 
Where greater accuracy is required or where insufficient space 1s 
available for the positioning of the test electrodes a text book on 
earthing problems should be consulted. 


Table 10 Effect of distance between electrodes on accuracy 
of earth-resistance measurement (from German Code) 


Distances from mid-point of 
T to P and from P to A for 
measuring accuracy of 


Type of 90 95 99 
earth electrode Dimensions per cent |_ Per cent per cent 

ring D~ 10m 3:7D 7D Swed) 
D~500m 2D 39D 18D 

strip at right angle LaviyOm 0-6L ia © 10L 
to test circuit L= 500m tie Vie 10L 
strip in line with Lea hNOm 0-2L O7L 10L 
test circuit L~ 500m OG O71 10L 
rod LEE 30 eye 


A = auxiliary electrode 
P=probe 

T =earth electrode under test 
D = diameter of electrode 
L=leneth, of electrode 


A variety of instruments suitable for the measurement of earthing re- 
sistances are commercially available and these include one instrument 
based on the principle of the Wheatstone bridge to which reference is 
made in the Australian Code. 

Expenditure on the lightning-protective system for a new building 
should be kept as low as possible commensurate with the degree of 
protection required. Unless previous experience is available, it will often 
be advisable to determine by calculation an earthing-electrode system 
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which will provide the desired resistance value. Such a calculation re- 
quires knowledge of the local earth resistivity. A suitable test circuit is 
shown in Fig. 85, from which it is seen that four test spikes are driven into 
the ground. The depth to which these spikes are driven should not exceed 
1m nor should it be more than 1/20th of the separation D shown in Fig. 
85. By using a hand-driven earth-tester a current IJ is made to flow 
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Fig. 85 Measurement of earth resistivity 


through the two outer electrodes while the voltage drop U between the 
two inner electrodes is measured. The ratio U/I of voltage drop and 
current then defines a resistance R and, assuming uniform specific earth 
resistivity p, the average resistivity down to a depth of D metres is given 
by: 


p =2nDRQm (15) 


By repeating this measurement for different separation distances D 
(Fig. 85) an indication is obtained of the variation of the specific earth 
resistivity with depth and an estimate can be made of the advantages to 
be gained by driving rod electrodes to different depths. The electrical 
connections of suitable measuring instruments are shown in the Austra- 
lian Code. 


11.3 Inspection and records 


In Section 5.2 the contents are discussed of the drawings which should 
form the basis of consultation between architect, builder and lightning- 
protection engineer during the design stage of a new building. The 
lightning-protective system should be shown on these drawings and these 
should be retained for further reference and kept up to date by indicating 
all alterations in the construction of the building and the installation of 
new services, including television aerials. 

The person responsible for the lightning-protective installation or, 
where deemed necessary, an independent expert should inspect the instal- 
lation on completion and should certify that it is in accordance with the 
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recommendations of the relevant specification. For this purpose the test 
methods discussed in Section 11.2 should be applied. In almost all nat- 
ional Codes the importance of this initial inspection is mentioned and 
stress is laid on the need to record its results in a permanent form. The 
inspection should embrace a visual part and resistance measurements. 

The visual inspection is concerned with accessible lightning conductors 
and their fittings, bonding arrangements of external and internal metal 
components and bonding of incoming metal service pipes and cables, 
including telephone cables. Such an inspection can be readily carried out 
for an ordinary dwelling-house or an isolated chimney but it is hardly 
feasible for a large building or a factory complex. In such a case, sample 
inspections of particularly important parts of the protective installation 
can be accepted as adequate. However, for a danger structure omission of 
a single bonding connection can lead to a serious accident and visual 
inspection of the complete run of the lightning-conductor system must be 
insisted upon. 

Every down conductor should contain a testing joint which can be 
readily opened for the purpose of measuring the resistances of the earth- 
termination network and of individual earth electrodes and also the elec- 
trical continuity of parts of the protective installation. The methods to be 
used are outlined in the preceding Section and their application would 
seem self-evident. Nevertheless, detailed instructions are given in the 
Dutch Code for different configurations of the lightning-protective system 
and the numerical values to be secured are listed. Electrical continuity 
measurements may have to be extended to metal reinforcement where 
this is used as part of the protective system. 

It is important that the results of these measurements be recorded and 
that these records be carefully kept for future reference. The records 
should, in addition, contain the date of the measurements, weather condi- 
tions, state of the ground and dates of application of any artificial treat- 
ment of the soil, such as watering or salting. 

The state of preservation of a lightning-protective system must be 
checked by periodic inspection and testing and the results must be added 
to the first record. In some Codes, e.g. those of Germany, Holland and 
Switzerland, the suggested period for testing is varied in accordance with 
the importance of the structure and the risk involved. The periods recom- 
mended in these and other Codes vary from | to 6 years. There is a clear 
advantage in varying the season during which earth-resistance measure- 
ments are performed but, with local knowledge, it may be possible to 
concentrate attention on periods of highest soil resistivity during which 
lightning activity may be expected. For Rhodesia, where thunderstorms 
are particularly severe and where seasonal activity is very pronounced, it 
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is suggested that testing be undertaken before the beginning of the light- 
ning season. In several Codes it is furthermore recommended that the 
complete protective system be inspected and tested after each known 
lightning strike to the structure and this may well be a sound precaution. 

The test results obtained on any occasion should be carefully compared 
with the results of previous measurements. If the earthing resistance of 
any electrode is found to have increased since the last test, a check should 
be made to determine whether the increase is proportional to, and there- 
fore caused by, an increase in specific soil resistivity. If this is found not 
to be the case it may be due to corrosion or other deterioration of the 
electrode or its connection to the down lead and the top of the electrode 
should be exposed for a visual inspection. On an old installation for 
which no records are available the first test results to be obtained might 
with advantage be compared with calculation so as to detect any later 
deterioration of parts of an earth-electrode system. 


Zi GOCeCHONAOlaame 
Persons and Animals 


12.1 Effects of lightning currents 


The effects of industrial electric currents on man and animals have been 
studied extensively by the medical profession and by electrical engineers. 
However, in the words of Dalziel (1961), one of the greatest authorities on 
this subject, the mechanism of death by lightning remains ‘entirely specu- 
lative’. With this important limitation in mind, an attempt is made in this 
Section to summarize the information available. 

As we have seen in preceding Chapters, man can be subjected to a 
direct lightning strike, to a side flash or to a step voltage. Most fatal 
casualties are due to direct strikes or to side flashes to the head. In these 
cases part of the current may be discharged through the brain and in 
particular through the respiratory centre which is located near the back 
of the neck at the top; this can lead to respiratory arrest, namely stoppage 
of breathing. Alternatively, part of the current may be discharged through 
the heart and this can cause ventricular fibrillation or asphyxia, terms 
which will be explained later in this Section. People who have survived 
the effects of a lightning flash have, in the great majority of cases, been 
subjected to high step voltages and less frequently to direct strikes or side 
flashes. A clear distinction must therefore be made between these causes 
and effects (Lee, 1966). 

The effect of a.c. and d.c. current discharge through the respiratory 
centre has been investigated on rabbits (Langworthy and Kouwenhoven, 
1930) and has been deduced from electrical accidents to man (Spilsbury et 
al, 1923; Maclachlan, 1930). Although no quantitative data seem to be 
available it can be stated (Dalziel, 1956) to produce a nerve block by 
which the rhythmic impulsés between the respiratory centre and the re- 
spiratory muscles are stopped. As a result breathing ceases, even though 
the heart may continue to beat, and death is likely to ensue unless artifi- 
cial respiration is promptly applied. It appears that current discharge 
through the spinal cord can produce similar effects (Hodgkin et al, 1972). 

Cases have been reported (Morikawa and Steichen, 1960) in which a 
person who showed clear evidence of a direct lightning strike and whose 
breathing had stopped while a pulse could still be felt recovered fully after 
prolonged resuscitation. It must therefore be concluded that the current 


Protection of Persons and Animals 173 


which flows through the respiratory centre as the result of a direct light- 
ning strike is capable of producing respiratory arrest without invariably 
stopping the action of the heart. 

The effect of electric currents on the heart has been widely investigated. 
For the benefit of the non-medical reader, a diagrammatic sketch of the 
heart is shown in Fig. 86. This is seen to consist of four main chambers. 
The right atrium receives blood from the upper parts of the body through 
the superior vena cava and from the lower parts of the body through the 
inferior vena cava. The blood then passes through the tricuspid valve to 
the right ventricle which pumps it through the pulmonary artery into the 
lungs where the deoxygenated blood picks up oxygen and loses carbon 
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Fig. 86 Diagrammatic sketch of human heart (Encyclopaedia Britannica, 1969) 


dioxide. The freshly oxygenated blood is then returned to the left atrium 
from which it passes into the left ventricle and is pumped under consider- 
able pressure into the aorta and its branches. 

The pumping action of the heart is executed by muscle fibres which 
contract the atria and ventricles rhythmically. The necessary impulses are 
initiated in the sinoatrial node which acts as ‘pace maker’, they are pro- 
pagated to the atrioventricular node and, thence, to the atrioventricular 
bundle of conducting tissue by which the pumping action is co BESS 
Injury or irritation of this pathway can result in Gilat (a sudden 
stoppage of the pumping action) or in ventricular fibrillation (unco- 
ordinated contractions of the ventricular muscles by which the rhythmic 
beat of the heart is converted into a rapid twitching action). When the 
heart either stops or goes into ventricular fibrillation, the pumping action 
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ceases, the circulation comes to a standstill and the brain, deprived of its 
supply of oxygenated blood, will die within a few minutes. This is the 
reason why resuscitation (Section 12.4) must be started immediately to 
effect oxygenation of the blood by artificial respiration and its circulation 
by external compression of the heart. 

The impulses by which the heart beat is initiated are produced by 
biochemical reactions within the fibres of the sinoatrial node (Hauf, 
1967). These in turn lead to the production of minute electric currents by 
the cells of the heart muscles, the summation of which throughout the 
whole heart can be displayed in the form of an electrocardiogram 
(Schamroth, 1971), such as shown for a healthy person in Fig. 87. ithe 
heart cycle starts with the ‘P’ wave which is due to the contraction of 
the atria. This triggers the ‘QRS’ impulse which is caused by the contrac- 
tion of the ventricles and is responsible for the main pumping action of 


the heart. When the contraction is completed, the “T’ phase ensues during 
R 


Fig. 87 Electrocardiogram 


which the heart is repolarised, that is, the electrical state of the heart- 
muscle cells is restored to its initial condition. 

The effects of lightning currents on the body can be deduced from 
medical examination of casualties and can be investigated indirectly by 
laboratory tests in which living beings are subjected to electric currents of 
different magnitudes and durations. 

The results of many examinations have been published in the medical 
literature (Iranyi et al, 1962; Koeppen, 1965; Taussig, 1968) of fatal 
lightning casualties and of persons who either survived or were suc- 
cessfully resuscitated. However, few attempts have been made to systema- 
tize the accumulated information. When a person has survived a lightning 
strike, or even when death has ensued, there is usually no pathological 
evidence of what has happened, apart from frequently observed damage 
to heart muscles (Burda, 1966; Kleinot et al, 1966). On the other hand, the 
lungs, having been subjected to considerable pressure, may be grossly 
inflated or, as a result of stoppage or fibrillation of the heart, may be 
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damaged by fluid which has been forced into them by the high pressure in 
the blood vessels of the lungs. 

The most frequent physiological results of lightning strikes are loss of 
conscioustiess, retrograde amnesia (loss of memory), paralysis and burns. 
Loss of consciousness may last from a few minutes to hours and people 
who have recovered not infrequently relapse quite suddenly into uncon- 
sciousness. Amnesia is retrograde in the sense that the person cannot 
recollect being struck although some people recall sensations of heat and 
intense light. Apart from this aspect, the memory is usually fully restored 
after a few hours at the latest. 

Paralysis is rarely complete and usually affects the legs and, to a lesser 
extent, the arms. Victims of lightning strikes not infrequently complain of 
the absence of any feeling from the waist downwards and, when fully 
conscious, are unable to rise or move their legs. Paralysis rarely lasts 
longer than a few hours, or possibly a day, and no case of permanent 
paralysis appears to have been reported. 

Burns are of two types. At the point of current entry a tree-like dis- 
colouration of the skin can appear. This is not a true burn and it disappears 
completely after several hours. It is caused by sparking on the skin and is 
of a type known to physicists as a Lichtenberg figure. True burns occur 
either at the point of current entry or where the skin was in contact with 
small metal objects, such as a necklace, a bunch of keys or metal parts of a 
boot, which are raised to a high temperature or melted by the lightning 
current. Thus brain damage sustained by some victims is stated to be 
caused by heating (Peters, 1956). On the other hand, a necklace, even if 
completely disintegrated by heat, may yet save a person’s life by diverting 
a substantial part of the lightning current from the victim’s heart. One 
such case is described in Section 12.3. 

The intense light produced by a lightning discharge occasionally leads 
to loss of sight and an ear drum may on rare occasions be ruptured by the 
intense pressure wave in the immediate vicinity of a lightning channel 
(Section 5.4). A more frequent result of pressure is the vapourization of 
surface moisture on the body by which clothing, including shoes, can be 
torn. Otherwise, few cases have been substantiated in which a previously 
healthy person has sustained permanent injury. In several cases, pregnant 
women have had normal deliveries after being struck by lightning (Taus- 
sig, 1968). 

None of this information contributes to our quantitative knowledge of 
the effect of lightning currents on human beings. This is due partly to the 
lack of knowledge of the amplitude and wave shape of the lightning 
current responsible for any particular accident and partly to the fact that, 
in many cases, it is not even known whether a person received a direct 
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strike, a side flash or whether he was affected by an excessive step voltage. 

In these circumstances the best possible use must be made of results of 
laboratory tests, performed either on human volunteers or animals. The 
great bulk of these tests has been performed with power-frequency vol- 
tages to clarify, and to assist in the prevention of, industrial and domestic 
injuries by electrical installations. The following summary largely follows 
the work by Dalziel and Lee (1968). 

If a human test subject grips two metal electrodes to which a power- 
frequency voltage is applied, the muscles are contracted and when the 
current flowing through arms and chest reaches about 10mA he is no 
longer able to ‘let go’. When the current is increased to 40 to 60mA 
asphyxia may be caused as the result of prolonged contraction of the 
chest muscles. At the same time, blood pressure is greatly increased 
(Osypka, 1963). 

Tests with current amplitudes of about 30 mA or more can, for obvious 
reasons, not be performed on human beings but extensive tests have been 
made on dogs, sheep, pigs and calves usually between the animals’ fore 
and hind legs (Ferris et al, 1936; Kouwenhoven et al, 1959; Kiselev, 1963). 
All these as well as the authors’ own extensive test results were critically 
reviewed by Dalziel and Lee (1968) on a statistical basis. This led to the 
conclusion that fibrillation is induced preferentially, although not exclu- 
sively (Milnor et al, 1958), if an electric impulse is applied during the ‘T” 
phase of the normal heart cycle (Fig. 87) and that there exists a one-half 
per cent probability that fibrillation will be caused in an adult manual 
worker if a current i, applied between major extremities, exceeds: 
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where t is the duration of current application in seconds. This relation- 
ship is stated to be applicable to times from one half cycle at 60 Hz to 5s. 
One half cycle at 60 Hz lasts 8-3 ms and this can be accepted as sufficiently 
representative of a typical lightning current (Section 3.3) to conclude that 
ventricular fibrillations can be produced in man when the current 
between extremities reaches between 1:8 A peak. If the current 
amplitude is further raised, the probability of producing ventricular fibril- 
lation is first increased but at an amplitude of 5 to 10 A it begins to 
decrease. However, if the heart has not been damaged and if the current is 
interrupted in sufficient time, the heart may resume its normal rhythmic 
contractions. This observation forms the basis for the counter-shock or 
defibrillation technique to which further reference is made below. It also 
leads to the conclusion that respiratory arrest is not only caused by a 
direct strike to the head, as mentioned above, but also as the result of 


mA (16) 


rms 
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current discharge through the heart so that it may be deemed to consti- 
tute the main cause of death due to lightning. 

From equation (16) it follows that the risk of causing ventricular fibril- 
lation is a function of the quantity i*t. In contrast, Osypka (1963) has 
concluded from extensive tests on animals that it is a function of it. His 
results lead to higher danger currents than suggested by Dalziel and Lee, 
at least for currents which flow through a body for less than about 10 ms. 
However, this does not affect the conclusion that respiratory arrest, and 
not fibrillation, must be taken to constitute the main cause of death by 
lightning. 

Most of the experiments discussed so far were performed with alternat- 
ing currents of industrial frequency. The effects of impulse currents have 
been investigated by examining the results of, mostly non-lethal, acci- 
dents caused to operators by discharges from impulse generators or high- 
voltage capacitors (Dalziel, 1953), tests on dogs (Milnor et al, 1958), tests 
on rabbits by pulsed currents (Lee et al, 1967) and tests to establish the 
characteristics of defibrillators (Akopyan et al, 1954; Peleska, 1966; 
Geddes and Tacker, 1971), which are now widely used in hospitals to stop 
fibrillation, frequently produced by causes other than electric shock. Defib- 
rillators which operate on direct current incorporate capacitors from 
which an impulse lasting several tens of microseconds and having a peak 
amplitude of several tens of amperes is discharged through the patient’s 
heart. The resulting violent contraction of the heart muscles stops the 
fibrillation and, as a rule, the heart resumes its normal rhythm. 
The results from these investigations, at least as far as they were available 
at the time, were taken into account in the critical review undertaken by 
Dalziel and Lee (1968). 

Of the various parts of a human body blood has the lowest specific 
resistivity, that of most tissues being about one hundred times higher and 
that of fat higher still (Schwan and Kay, 1957). Nevertheless, the body as 
a whole can be taken to act essentially as a homogeneous-volume conduc- 
tor (Weeks et al, 1939). When a person is struck by lightning, the resulting 
potential difference across the body is so high that the skin is punctured 
at the points of current entry and exit. Under these conditions, the body 
behaves electrically like an ohmic resistance of the order of 700Q, the 
largest part of which is located in the limbs as shown in Fig. 88 (Biegel- 
meier and Rotter, 1971). 

On the basis of the foregoing assumption Berger (1971) has suggested a 
mechanism to explain the result of a lightning strike to a person and to 
evaluate the current liable to be discharged through a human body. 
Assume a lightning strike to the head of a person. It is mentioned in 
Section 7.6 that a large air gap is liable to break down, when subjected to 
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a lightning current, at an average breakdown strength of 500k V/m. If the 
person is 1:80m tall an éxternal flashover can therefore be expected to 
occur across his body when the potential has reached 900KV. If the body 
resistance is taken as 700Q, the current in the person will, at that instant, 
have reached about 1300 A. Once flashover has taken place an electric arc 
is established in the air and this has an axial gradient of abou m. 
The potential difference across the body thus collapses to 3-6kV and the 
current through the person becomes about 5A, a value which will be 
maintained until the current in the lightning discharge ceases. The human 
body will therefore be subjected to a short current peak reaching just over 
1000 A within some 10s, followed by a constant current of 5A main- 
tained for several milliseconds. If the unfortunate person is struck by a 
multiple lightning discharge (Section 3.1) this process can be repeated 
several times with the only difference that later current peaks will occur 
after a fraction of a microsecond. It is interesting to recall that a similar 
mechanism has been postulated for the result of a lightning strike to a tree 
(Section 10.6). 

Berger follows this general argument with the numerical evaluation of 
the probability of fibrillation being caused in the victim of a direct light- 
ning strike in the open or on a mountain where he himself may give rise to 


Fig. 88 Percentage distribution of internal body resistance (Biegelmeier and 
Rotter, 1971) 
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the initiation of an upward lightning discharge. However, from earlier 
discussion of experimental data it is clear that the currents discharged 
through a human body are high enough to involve the risk of respiratory 
and cardiac arrest. The suggested mechanism involving an external flash- 
Over is supported by frequent observations of burn marks on the clothing 
of lightning casualties, whether fatal or otherwise. An eye witness account 
of such a flashover is mentioned in Section 12.2. 

Cases have been reported in which a group of people, who were well 
separated from each other, were simultaneously affected by shock and 
partial paralysis. Even if one of these was in fact subjected to a direct 
lightning strike, the rest must have been victims of step voltages between 
their legs. It is shown in Section 7.3 that these step voltages are due to the 
potential drop along the earth surface as the result of a nearby lightning 
stroke to earth. The step voltage u can be determined from: 


bed s 
= It ify, 
js ‘In d(d+s) °° (17) 
where i = lightning current amplitude in amperes 


p = soil resistivity in ohm metres 

s = length of step in metres 

d = distance between point of lightning strike 
and nearer leg in metres. 


Assuming a lightning current of 20kA, a modest soil resistivity of 
100Qm, a step length of 0-5m and a distance of 10m, the step voltage 
becomes 1:5kV. The internal resistance of a current path through both 
legs is about 7002 (Fig. 88) which means that the current through the 
legs, without, however, involving the heart or the respiratory centre will 
reach about 2 A. Although this current decreases approximately inversely 
with the square of the distance it is seen that, particularly for high- 
resistivity soils, the currents injected into a group of people in the vicinity 
of an earth discharge can be high enough to produce widespread electric 
' shocks. Examples are given in Section 12.2. 

Having discussed the danger of lightning currents to human beings 
reference must be made to some rare reports according to which persons 
afflicted by a variety of disabilities were ‘cured’ by a lightning strike. Thus 
the priest attached to the household of the Duke of Kent was said to have 
been rid of his paralysis after having been struck by lightning in 1782 
(Schonland, 1964). This and other similar reports seem, however, no 
adequate reason to subject invalids to lightning strikes in the hope that 
they may be cured. 

Interest in the effect of lightning currents on animals is largely confined 
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to cattle, sheep, pigs and horses. In most countries these animals roam in 
the open; they are therefore subject to all weather conditions and many 
are killed every year by lightning (Ramsey and Howard, 1970). Although 
the claim is often put forward by the owner that a single animal which 
happens to have been lost was the most valuable beast ofa large herd, this 
case is of minor economic importance. Much more important are cases 
when a large number of animals are killed simultaneously by step vol- 
tages caused by a single lightning flash to earth, to a tree, toa metal fence 
or by side flashes from such a fence. 

Precautions which ought to be taken to prevent, or at least minimize, 
the danger associated with metal fences are discussed in Section 10.5. 
Risks due to step voltages cannot be avoided, apart from possibly reduc- 
ing the potential gradient around prominent trees under which cattle 
congregate by a system of concentric buried ring conductors. As can be 
seen from expression (17) large quadrupeds are particularly endangered 
by the distance between their fore and hind legs and, if they happen to 
stand in line with the point at which lightning strikes, they are subjected 
to the full step voltage. 

It is mentioned earlier that much of the available information on fibril- 
lating currents was obtained from tests on cattle, sheep and pigs. Many of 
the numerical results have actually been obtained from investigations 
into the effect on such animals of pulsed current applications to electrified 
fences, where the amplitude and duration of the pulses has to be strong 
enough to frighten the animal without injuring it or, for that matter, any 
person making accidental contact with the fence: The results of these 
investigations have exploded the widely-held belief that domestic animals 
are more liable to be injured by electric currents than human beings. 
Instead it is established that the amplitude of the critical fibrillating cur- 
rent is proportional to body weight (Dalziel and Lee, 1968). If the fore- 
going numerical estimates concerning the currents discharged through 
man as the result of a step voltage are applied to large farm animals, 
reports of multiple losses of cattle and sheep as the result of a single 
lightning discharge are readily explained. As currents caused by step 
voltages are bound to flow through the animal’s heart it is furthermore 
explained why farm animals killed by lightning usually show few, if any, 
external sign of injury. 

Occasionally such animals show singe marks on their skins (Brightwell, 
1968). However, in order to prevent fraudulent claims against insurance 
companies, it has been suggested by veterinary practitioners that an aut- 
opsy be performed to determine whether signs of haemorrhages can be 
found in the animal’s organs although even these need not always be 
present (Ramsey and Howard, 1970). 
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12.2 Protection in the open 


Compared with other causes of fatalities lightning is responsible for only 
a small number of deaths and severe injuries (Section 12.4). Nevertheless 
their number could be further reduced if people were made aware of the 
danger and accepted advice on how-to behave when caught in a thunder- 
storm. Such advice is given in several national Codes and as new recom- 
mendations are issued lists of ‘dos’ and ‘don’ts’ are growing progressively 
longer. As it is impossible to visualize all contingencies it would seem 
more helpful to make full use of information contained in preceding 
Chapters and to draw generalized conclusions. 

A person standing on open ground constitutes a lightning conductor 
and the probability of his being struck is roughly proportional to the 
square of his height above ground. The first rule is therefore not to 
increase one’s height artificially by standing on top ofa structure, such as 
a haystack, by holding up a metal object, such as a golf club, an umbrella 
or a ladder, by riding on a bicycle or an open tractor, or by standing in an 
open boat when fishing. 

In order to reduce one’s effective height even further it is advisable to 
Squat or kneel down and to do so in a hollow of a field, avoiding high- 
lying places. A better alternative is to shelter in a dense wood or under a 
high-voltage transmission line but, in the latter case, it is advisable to 
keep away from the pylons since, when a pole or tower is struck, high step 
voltages arise around its base. 

The best protection against a direct stroke is to seek shelter in a suit- 
able building (Section 12.3) or in an all-metal car or similar vehicle. A 
driver should, however, be warned to drive slowly in a heavy thunder- 
storm. Accidents have been caused occasionally by drivers who lost con- 
trol of the steering when lightning struck in front of them, causing a 
frightening display of fireworks on a wet road surface. 

The usual response of a person caught in a thunderstorm in the open is 
to run for the nearest large tree to be protected from the rain. Every year 
there are reports of people who have been killed under trees (Bernstein, 
1971) and this is usually due to a side flash from the tree trunk or one of 
its branches. The occurrence of a side flash to a person standing under a 
tree is governed by the same considerations as apply in a building (Sec- 
tion 7.6). An isolated tree on open ground is particularly liable to be 
struck and to shelter in such a position is asking for trouble as illustrated 
in Fig. 89. 

Side flashes can also occur from metal fences on insulating posts or 
other large metal bodies above ground, such as wireless aerials, pipes, 
railings or clothes lines unless they are adequately earthed. It is therefore 
advisable to keep a respectful distance of several metres from such com- 
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ponents. This is all the more necessary as such a component can give rise 
to a side flash not only as the result of a direct strike but also by the 
electrostatic induction effect due to a nearby earth flash as described in 
Section 5.5. 

Yet another type of sideflash can occur between several people who are 
crowded together and one of whom is struck by lightning. In such a case 
part of the lightning current can flash from shoulder to shoulder of adja- 
cent persons and multiple fatalities are known to have arisen in such 


Fig. 89 Side flash from tree 


incidents. It is therefore advisable to avoid crowding together in the open 
during a thunderstorm. 

When a large number of people are affected by a single lightning flash, 
this is usually due to step voltages. In the open, there is little that an 
individual can do to avoid this risk apart from either keeping both feet 
closely together or running since both feet will then never touch the 
ground simultaneously. However, it is important to avoid the neighbour- 
hood of any tall object which can be struck by lightning, e.g. a tree, the 
edge of a forest, a flood-lighting tower or any other tall mast, particularly 
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if this is made of metal. When-squatting on the ground the knees should 
be pulled up close to the body as this ensures the minimal possible 
potential difference across part of the body. 

The probability of a swimmer attracting a direct stroke to himself is 
remote but he is liable to be subjected to a current flow through his body 
when the water is struck anywhere in his vicinity. The amount of current 
discharged through the body depends on his distance from the strike and 
the salinity of the water. However, as mentioned in Section 12.1, quite 
small currents produce contractions of the muscles and this may lead to 
panic and drowning. Swimmers should therefore leave the water on the 
approach of a thunderstorm. 

With the steadily growing appeal of out-door camping, lightning acci- 
dents in small tents (Paterson and Turner, 1944; Schnell and Steinseifer, 
1959) have increased in recent years. The choice of a camping site should 
be governed by the considerations mentioned in the preceding para- 
graphs and high places and spots where high potential gradients are liable 
to arise should be avoided. Beyond that, and particularly in an area of 
considerable thunderstorm activity, some form of lightning protection 
should at least be considered. Such protection can be provided by one or 
two telescopic metal poles which should be arranged in accordance with 
the recommendations in Section 4.3. The poles should be connected to a 
bare metal conductor surrounding the tent and this should either be 
buried or should be pressed against the ground by heavy stones. When- 
ever possible, this earth conductor should furthermore be connected to 
short metal spikes driven into soft ground away from the tent (Fig. 90). 
The occupants of a tent should, during a thunderstorm, keep to its centre, 
avoid touching the wet fabric and sit with drawn-up knees as suggested 
above. Electrical wiring connecting the tent to the outside should be 
disconnected to prevent high overvoltages being conveyed into the inside. 

A more refined portable tent has been recently developed (Wiesinger, 
1971) in which the principle of the Faraday cage is applied. The most 
important items are a metal frame and a metallized ground sheet con- 
nected to it, the whole set-up being surrounded at ground level by a ring 
conductor. The dimensions suggested are such that any occupant of the 
tent should be fully protected. 

Hikers on mountains are endangered by large step voltages caused by 
high soil resistivity and, in the case of climbers, the effect of small electric 
currents on the muscles has also to be considered. Even though the risk of 
attracting a direct lightning stroke may be slight it is a wise precaution to 
lay aside metal objects, such as pickaxes or rucksacks, and to crouch 
down in any dip or hollow. The current in a lightning discharge to a 
mountain may have to travel for miles before being distributed into the 
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Fig. 90 Protection of a tent 


body of the earth. In its search for the easiest path to ground the current 
may follow water courses, telephone or power lines and the metal parts of 
funicular railways or mountain lifts. The neighbourhood of all such, and 
other similar, conductors should be shunned. 

Berger (1971 a) has suggested an interesting way in which a person 
who, like a game warden, has to spend a great deal of time in the open can 
be protected against severe injuries. This consists of a metallized cloak, 
with metal strips fastened below the boots, and a helmet or metallized 
hood, which would have to be lined with asbestos to afford protection 
against the heat at the root of a lightning channel. The connection to 
metal straps below the boots could be avoided if the person was advised 
to squat during a thunderstorm with his feet on the bottom of the cape. 
While such a suggestion may sound somewhat futuristic, the development 
of modern materials and manufacturing techniques may well make it 
feasible. 

Many reports on lightning accidents and post-mortem examinations 
have appeared in medical publications but only three may be cited here as 
they illustrate some of the points mentioned before. The first case, in 
which the author was able to interview eye witnesses shortly after the 
event, occurred on 19 April 1948, during the football cup-final of the 
British army at Aldershot. The ball was about to be thrown in when 
lightning was seen to strike two players who were marking each other and 
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were less than half a metre apart. The lightning channel was stated to 
have split a short distance above the heads of these two players thus 
confirming the attractive effect of a human body. It was also described as 
having ‘come down to earth between them’. This statement which was 
illustrated at the time of the interviews by the sketch reproduced as Fig. 
91 would seem to confirm Berger’s mechanism of flashover. While these 
observations were made by several spectators in the stands, the referee 
and those players who were closest to the victims did not recall seeing the 
flash, an example of retrograde amnesia. There was no rain at the time as 
the nearest thundercloud was a long distance away. Both the men who 
were struck were killed instantly. ‘Arborescent’ marks extended from 
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Fig. 91 Fatal lightning strike to two footballers at Aldershot, 19 April 1948 


their necks and upper chests on the sides where they faced each other. 
Their bodies had been violently thrown apart. Most of the other players 
were also thrown to the ground and some spectators on a nearby stand 
felt electric shocks; all these must have been due to step voltages. The 
referee, an army captain, who stood about 8m from the victims felt 
‘suspended from mid air by my legs with a terrible weight pressing on 
me’; typical reactions of survivors. His right arm and both legs were 
paralysed but he regained the full use of these after some 16 hours. Slight 
burn marks were found where the metal tags of his boot laces had been 
tucked in. 

The result of the post-mortem examinations (Lynch and Shorthouse, 
1949) stresses that the great veins of both dead men were considerably 
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engorged and there was notable congestion of the lungs. Haemorrhages 
were noted in the lungs and the small blood vessels and capillaries were 
ruptured in numerous places. 

In the second case, a tea pavilion on Ascot race course was struck on 
14 July 1955 (Arden et al, 1956). No less than 51 persons had to be taken 
to various casualty centres, of whom 31 were not detained. A man and a 
woman could not be revived despite the application of artificial respira- 
tion. The autopsy showed in both cases congestion of various organs and 
cerebral damage which could not have been caused by a fall. Many of the 
others complained of prolonged headaches and pains in their limbs. This 
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Fig. 92 Multiple fatal lightning incident in the Japanese Alps (Matsumoto 
Fukashi Senior High School, 1967) 


is a typical case of dangerous step voltages affecting an assembly of 
people in the open. 

The third case (Matsumoto Fukashi, 1969) is concerned with a party of 
41 Japanese school children and 5 teachers who were surprised by a 
thunderstorm while returning from a mountaineering trip. They were 
caught on an exposed steep ridge which they negotiated in close forma- 
tion as shown in Fig. 92. Eleven boys were killed outright as indicated by 
clear marks on their heads or necks; their positions are indicated in Fig. 
92 by full black circles. Of the remainder, 14 sustained burn marks on 
their bodies but, although temporarily paralysed or otherwise injured, 
they survived the ordeal. From the information available it is impossible 
to offer a complete explanation of this tragic incident but there is little 
doubt that the majority of fatal casualties was due to side flashes between 
the closely packed climbers and that several of these could have been 
saved if greater distances had been maintained between the members of 
the party. 
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12.3 Protection indoors 


The safest place indoors is a building which is fully protected against 
lightning. However, the ordinary person is in no position to judge 
whether this is the case and it may therefore be safer to assume that the 
protection provided is imperfect. 

The justification of this advice can be illustrated by a typical case. An 
isolated dwelling in a wooded hilly area in Bavaria (Liebhart, 1966) had a 
modern form of lightning protection, the earth termination of which was 
bonded to the sheath of the electric-supply cable and to the water system. 
When the house was struck by lightning a man who was using the tele- 
phone was knocked unconscious but he was later revived and recuperated 
gradually. While telephoning, his posterior was touching a refrigerator 
and close to the back of his neck was a metal part of another piece of 
electrical household equipment. Burn marks on his posterior and behind 
his ear (Golde, 1969) indicated that side flashes had occurred to his body 
from the two electrical apparatuses while further burns under a necklace 
which he had worn suggested that this may conceivably have saved his 
life by diverting part of the lightning current from his interior. The side 
flashes were due to the omission of a bonding connection between the 
metal sheath of the telephone cable and the earth termination of the 
lightning-protective system, a fact of which the occupant of a dwelling 
would not normally be aware. Other cases of injury or death of people 
using the telephone during thunderstorms have also been reported 
(Schneider, 1956; Bernstein, 1971). 

Side flashing constitutes almost the only risk in a building and it is 
therefore advisable to remain, during a thunderstorm, near the middle of 
a room and to keep away from all large metal parts, e.g. electricity, 
telephone, gas and water installations, television and wireless sets con- 
nected to outdoor or loft aerials, metal stoves and window frames. A 
chimney breast and an open fire place should also be avoided since a 
lightning current injected into a chimney is likely to be discharged 
through a layer of soot. 

The many superstitions in connection with so-called precautions 
during a thunderstorm may clearly be allowed to fall into oblivion. Thus 
the idea of covering mirrors is likely to have originated in the desire to 
avoid being startled by the reflection of an intense lightning discharge. 
The widespread belief that it is dangerous to sit in a draught between an 
open window and a door may, on the other hand, be due to experiences 
with ball lightning (Maxwell Cade and Davis, 1969; Singer, 1971) the 
path of which is often reported to be governed by air currents. However, 
at our present state of knowledge, or the absence of it, on the mechanism 
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of ball lightning no reliable advice can be offered regarding any protec- 
tion against it. 

Injuries due to lightning in ordinary dwellings are very rare although 
people in an unprotected building which sustains damage sometimes 
suffer from nervous shock. Fatalities have, however, been caused not 
infrequently in isolated structures which are accessible to the public and 
in which people are likely to seek shelter during inclement weather condi- 
tions. A typical example (Schnell, 1960) may be cited to stress this real 
danger. 

A brick-built monument, 18-35 m high, with an open viewing platform 
on top of a hill was surmounted by a metallic flag mast exceeding the 
tower height by a further 9 m (Fig. 93). Access to the top was available by 
a brick-built spiral staircase. During a sudden thunderstorm four parties 
with a total of more than 40 people took shelter in the entrance hall and 
on the staircase. The flag pole was struck by lightning, 6 people were 
instantly killed and several others more or less seriously injured. The 
evidence showed that the lightning current had found its way to earth 
through a large number of people. It is evident that this incident could 
have been easily prevented had the flag pole been connected to an earth 
electrode. However, quite apart from this negligence, the case illustrates 
the danger in taking refuge during a thunderstorm in an unprotected tall 
structure, particularly if this occupies an exposed position, such as a 
viewing tower in open country. 


12.4 Lightning casualties and resuscitation 


Records of people who are killed by lightning in any one year are being 
kept in several countries. In Figs. 94 to 96 the numbers of lightning deaths 
per million of population are plotted over a period of almost 50 years. 
The figures for Australia (Prentice, 1972) and England and Wales (ex- 
tracted from the Registrar General’s Statistical Review) cover the entire 
respective countries. Those relating to the USA were initially restricted to 
certain States, the annual percentages of the total population covered by 
the census being indicated in Fig. 96. They are based for the period 1920 
to 1936 on the Mortality Statistics of the Bureau of the Census and, since 
then, on the Vital Statistics which, from 1937 to 1944, were published by 
the US Department of Commerce and later by the US Public Health 
Service. 

Figs. 94 to 96 show marked gradual reductions in the percentage num- 
bers of annual lightning deaths. It is interesting to compare these results 
with similar data from Prussia (Hellmann, 1917) covering the period 1871 
to 1914. Over these 44 years the number of annual deaths per million 
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Fig. 93 Multiple fatal lightning incident in monument (Schnell, 1960) 


varied approximately with the annual number of thunderstorm days 
without, however, showing any marked tendency of change. Combining 
these results with those plotted in Figs. 94 to 96 it seems legitimate to 
conclude that the notable gradual reduction in the frequencies of deaths 
in Australia, Britain and the USA since 1920 can be explained by the 
steadily increasing movement of people from country districts, where 
lightning casualties are high, into towns where people are much more 
likely to find shelter. The widely differing rates of deaths are clearly due to 
differences in lightning activity in Australia, Britain and the USA. 

According to American statistics the number of people injured by 
lightning is about twice as high as the number of fatal casualties (Bern- 
stein, 1971). The question is therefore justified (Taussig, 1968) as to how 
many deaths might have been prevented if the risk of asphyxia, the predo- 
minant cause of death due to lightning, had been reduced by immediate 
application of artificial respiration and cardiac massage. 
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Fig. 94 Annual variation of lightning deaths in Australia 
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It would be wrong to presume that every lightning casualty can be 
restored to life, as shown (Coleman, 1969) by the case of a young healthy 
golfer who was struck by lightning. His foursome included a physician 
who immediately started closed chest cardiac massage and mouth-to- 
mouth resuscitation — alas without success. On the other hand, there is a 
remarkable case (Ravitch et al, 1961) of a 10-year-old boy who was struck 
by lightning while cycling home. On arrival in a hospital 22 minutes later 
his heart was found at standstill and he was regarded as ‘dead’. Never- 
theless cardiac massage and artificial respiration were continued for three 
days and this, together with other pertinent medical treatment, led to his 
complete recovery. 

With this remarkable case in mind, the plea cannot be overemphasized 
for immediate resuscitation of any unconscious lightning casualty since, if 
the human brain is deprived of oxygen for more than about four minutes, 
death is almost certain. As pointed out by Dr. Taussig (1968), victims of a 
lightning strike who are stunned but alive are not the ones who need 
urgent help since they will probably recover. ‘It is the man who is “dead” 
with no heart action and no respiratory movements who needs cardiopul- 
monary resuscitation.’ 

The modern method of resuscitation was developed by Kouwenhoven 
and his co-workers (1965). It forms the basis of the treatment recom- 
mended in the Authorized Manual of St. John Ambulance, St. Andrew’s 
Ambulance Association and the British Red Cross Society, First Aid 
(1972) which has been slightly modified from the usual first-aid routine 
because of the possible effects of a lightning current on the human heart 
as discussed in Section 12.1. The instructions which follow must be learnt 
in advance as speedy action, as repeatedly stated, is essential. 


1. Kneel beside the casualty and very quickly check whether he is 
breathing. This will be noted by regular movements of the chest. 
2. If he is not breathing, ensure an open airway: 
(a) Turn the casualty on his back; 
Support the nape of the neck and press the top of the head so that it is 
tilted backwards; push the chin upwards as shown in Fig. 97. 
This will open the airway should it be obstructed and he may 
start to breathe. 
(b) At the same time as you do this, check whether the heart is 
beating. When it is not: 
the patient’s skin colour becomes blue grey; 
the pupils of his eyes are greatly enlarged; 
the pulse (which should be felt for in the hollow of the neck at 
either side of the Adam’s apple) is absent. 
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Fig. 97 Mouth-to-mouth method of artificial respiration (St. John Ambulance, 
St. Andrew’s Ambulance Assn., The British Red Cross Soc., 1972) 
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(b) 


Fig. 98 External cardiac compression (a) and cross-section through chest (b) 
(St. John Ambulance, St. Andrew’s Ambulance Assn., The British Red Cross 
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Soc., 1972) 


. If there is still no breathing apply MOUTH-TO-MOUTH RESPIRATION 


immediately: 
open your mouth and take a deep breath; 


. pinch the casualty’s nostrils together with your fingers; 

. seal your lips round the mouth; 

. blow into his lungs until his chest rises; 

. remove your mouth and watch his chest fall; 

. repeat and give first four inflations as rapidly as possible then 
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continue at your natural rate of breathing until spontaneous breath- 
ing is restored. 

If the casualty’s heart is not beating use HEART COMPRESSION to try to 
start it again: 

feel for the lower half of the breast bone. Slap the chest smartly at this 
place. This may start the beat. If it does not: 

place the heel of one of your hands on this part of the bone, keeping 
the palm and fingers off the chest (Fig. 98); 

cover this hand with the heel of the other hand; 

with arms straight, rock forwards pressing down on the lower half of 
the breastbone (Fig. 98); in an unconscious adult it can be pressed 
towards the spine for about 4cm (14 inches); 

for adults repeat the pressure at least 60 times a minute; for children 
up to ten years, light pressure of one hand is sufficient and the rate 
should be 80 to 90 a minute; for infants, very light pressure with two 
fingers is enough and the rate is 100 times per minute; 

continue procedure by applying 15 heart compressions, followed by 
two quick lung inflations as under 4 to 8 and repeat this sequence 
until medical assistance arrives. 


If two persons are available to give first aid, one person should undertake 
the external heart compression while the other performs the inflation, 
watching at the same time the size of the casualty’s pupils and feeling for a 
return of the pulse. In this case, five heart compressions should be 
followed by one deep lung inflation. The two people should work alter- 
nately and the lung should never be inflated at the same time as the heart 
compression is given. i 

If the casualty starts to breathe, place him on his side so that his 
breathing is unobstructed and in case he may vomit. 


13. Postscript 


The reader who has borrowed this book from a library may have done so 
because he is frightened by thunderstorms and would like to know how 
he can safeguard his life and his property. The Sections dealing with the 
protection of life are so short that it should cause no undue hardship to 
read them in full. However, when it comes to advice on the protection of a 
building, the reader may come to the conclusion that lightning protection 
is so complex and expensive that he can neither understand nor afford it. 
Such a defeatist attitude would be regrettable. The basic concepts of 
lightning protection are not difficult to understand and, once understood, 
these principles can be readily applied to any given object. So far as the 
cost of protection is concerned, the author is convinced that money is 
frequently spent unnecessarily while protection is often omitted in cases 
where it should be provided. 

A public authority or a large industrial undertaking can afford the cost 
of employing an expert but the private owner of a property needs some 
guidance as to whether his house requires protection and, if so, what form 
that protection should take. Advice on the former aspect is given in 
Section 5.1 but the form and the extent of the protection to be provided is, 
as shown in the body of this book, not always agreed even between the 
experts who are responsible for the contents of individual national protec- 
tive Codes. 

There is always a danger in trying to oversimplify a problem. Yet, in the 
hope that it may prove helpful to some readers, an attempt is made in 
what follows to provide a short list of simple rules designed, in the words 
of Benjamin Franklin, ‘to discover the Means of securing Habitations and 
other Buildings from Mischief by Thunder and Lightning’. 


1. If you consider the need for lightning protection, make local enquiries 
concerning the frequency of damiage due to lightning and be guided 
by the results. 

2. In many cases it will be found cheaper to insure a building against 
lightning damage than to install lightning protection. In such cases 
the risk of injury to occupants can be greatly reduced by having all 
metal services, e.g. electrical, gas and water installations, earthed. 

3. The masts of domestic television or broadcasting aerials, whether 
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installed on a roof or in a loft, should be earthed. This can be done at 
little expense and anyone living in an isolated position who neglects 
to do so has only himself to blame if his property is damaged as a 
result of a lightning strike. 


_ The most serious consideration should be given to domestic and farm 


buildings built of flammable material, such as timber, or covered with 
thatch. 


_ Protection should also be considered for dwellings or farm buildings 


in isolated situations. 


- Domestic houses or office buildings of ordinary height in built-up 


areas are in much less need of lightning protection than categories 4 
and 5. 


_ In high-rise buildings and other modern structures with a steel frame 


or reinforced concrete, metallic connection (bonding) between ex- 
tended metal components both in, and on, the building is the most 
effective method of protection. 


. The protection of structures involving a risk of explosion should 


invariably be discussed with an expert. 


_ If expert advice is sought, this should be done in the design stage and 


not after the construction has been started. 

Roof conductors should be so arranged as to protect particularly the 
edges of a roof. All structural parts which protrude above the roof, 
e.g. chimneys, should be included in the roof-conductor system. 
These conditions are best met by horizontally arranged conductors 
and full use should be made of structural metal components, such as 
gutters. 

No separate down conductors are required on buildings with steel 
frame or of reinforced-concrete construction or where metal service 
pipes, such as water pipes, can be utilized to convey a lightning 
current to earth. 

Earth electrodes should consist of rods in deep soil and of hori- 
zontally buried strip conductors in shallow soil. Isolated buildings in 
the country are best protected by buried ring conductors surrounding 
the structure and it is in the interest of personal safety that a low 
earthing resistance be secured. For buildings in built-up areas, the 
value of the earthing resistance is much less important and, if bond- 
ing is applied, it is immaterial. 

A properly designed lightning conductor does not prevent the occur- 
rence of a lightning strike but it ensures that the energy released in a 
lightning flash is harmlessly discharged into the earth. No advantage 
is gained by giving a lightning conductor a fanciful shape, nor is there 
any reason to increase its cross-sectional area beyond 25 mm?’. A 
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radio-active lightning conductor is no better than a conventional 
conductor installed in the same position. 

If a telephone is used during a thunderstorm it is a good precaution 
to keep away from large metal objects and from electrical household 
equipment. ' 

Remember that lightning sometimes does strike twice, or even more 
often. 

Try not to panic when hearing a violent thunder clap; if you hear it, 
you have not been struck. 

If you are keen on outside activities, familiarize yourself with the 
principles of resuscitation — you may be able to save a life. 


Appendix 


National Codes considered in text 


Country Reference Year Title Address 
Australia AS MCI 1969 Manual on Lightning Standards Association of 
Protection Australia, 80 Arthur 
Street, North Sydney 
Austria OVE-E 49 1960 Leitsatze fur die | Osterreichischer Verband 
Errichtung und fiir Elektrotechnik, 
Uberprtfung von 1 Eschenbachgasse 9 
Blitzschutzanlagen A-1010 Vienna 
Belgium NBN 579 1962 Code de bonne Institut Belge de 
pratique pour Normalisation, 
installations de 29 avenue de la 
paratonnerres Brabanconne, Brussels 4 
Canada CSA B72 1960 Code for Canadian Standards 
Installation of Association, 178 Rexdale 
Lightning Rods Boulevard, Rexdale 603, 
é, Ontario 
Finland Al11-63 1963 Askskydd for Elektriska Inspektorates 
Byggnader 
Germany 1968 Blitzschutz und VDE Verlag, 
allgemeine Blitzschutz- Bismarckstrasse 33 
Bestimmungen 1 Berlin 12 
Great Britain CP 326 1965 The Protection of British Standards 
Structures Institution, 2 Park Street 
against Lightning London WIA 2BS 
Holland NEN 1014 1971 Bliksemafleiderinstallaties Nederlands Normalisatieinstitut, 
Polaweg 5 
Rijswijk (ZH) 
Hungary MSZ 274 1962 Lightning Protection Hungarian Bureau of 
Standardisation, 
Ulloi ut 25 


Budapest XI 


SS ———— 


India IS 2309 1969 Protection of Indian Standards Institution, 
Buildings and Manak Bhavan, 
allied Structures 9 Bahadur Shah Zafar Marg 
against Lightning New Delhi 1 
Rhodesia CAS CC2 1967 Protection Standards Ass. of Central 
against Africa, PO Box 2259 
Lightning Salisbury 
oe eee 
South Africa SABS 03 1972 The Protection of South African Bureau of 
Structures against Standards, Private Bag 191 
Lightning Pretoria 
a 
Switzerland SEV 4022 1967 Leitsatze fur Association Suisse des 
Blitzschutzanlagen Electriciens, 
Seefeldstrasse 301 
Zurich 8 
re enc 
USA NFPA 1969 Lightning National Fire Protection 
No 78 Protection Code Association, 


60 Batterymarch Street 
Boston, Mass. 02110 


a 
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